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ABS TRACT

T

This report presents the results of an experimental wind-
tunnel study of flow~induced pressure oscillations 1in shallow
cavities (length-to-depth ratio from 4 to 7). A variable-depth
rectangular cavity was exposed to tangential flow over the open

‘ surface in the Mach-number range from 0.8 to 3, with flow stagna-

tion pressures varying from 2 to 15 psia. The cavity was tested
Third-octave band

in an empty stage and with one or two stores. !
and narrowhand fluctuating-pressure spectra were obtalned at :
various locations within the cavity and under the approaching
boundary layer; these spectra ylelded information on broadband
and resonant-response characteristics. Information on the longi-
tudinal and lateral energy distribution, on fécirculating~flow

5 velocities, and on temperatures wlthin the cavity was also ob-
tained. This information was used to develop a scheme for pre-
dicting resonant frequencies and assoclated pressure-mode shapes,
as well as discrete-frequency and broadband-pressure amplitudes.
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SECTION I
BACKGROUND, SCOPE, AND OBJECTIVE

During the past fifteen years, a number of investigators
have studled the aeroacoustic phenomena assocliated with pressure
oscillations exclted by flow over open cavities. Although these
studlies have shed considerable llght on related aircraft struc-
tural and acoustlc problems, additional informatlion 1s needed for
two Important purpcses: (1) to permit the designer to avold un-
favourable configurations and (2) to enable one to predict enough
of the characteristics of the unsteady-pressure fleld so that one
can assess 1its effect on crew and equipment. The present study is
intended as a step toward supplying the lacking informatlion and
toward providing guidelines for accomplishing the aforementioned

purposes.

The characteristics of unsteady flow over open cavities de-
pend strongly on geometric, structural, and aerodynamic parameters.
The occurrence and the magnitude of cavity pressure fluctuatlons
are determined essentlally by the balance between the energy avail-
dble from the free-stream flow and the energy dlssipated by cavity
oscillations and the assoclated acoustic radiation. The predomi-
nant frequency regimes assoclated with cavity osclllations basi-

“cally are functions of flow speed and cavity geometry; qualita-

tively small cavities — such as those that typlcally house air-
probing instruments — produce high-frequency osclllatlons, and
large cavities - such as bomb bays -~ produce low-frequency oscll-

lations.

Alrcraft structures are relatively insensitive to high-

frequency excitation, but high-frequency acoustic energy, which

is relatively well-transmitted by aircraft structures, may lead

to adverse effects on crew performance or comfort. Low-frequency
pressure osclllations, on the other hand, may lead to signiflcant
structural responses, which can produce structural damage, failure
of store-restraint and release mechanlsms, as well as damage of
sensltive items withln the stores; in addition, these oscillations
also may affect the separation and the initial trajectory of a

store.

Until the late fifties, research related to cavity pressure
fluctuations concentrated on the subsonic speed range — e.g.
see Refs. 1 and 2. Interest then turned towards transonlc and
(low) supersonic flow-speed research, giving rise to significant
experimental? and the:retical work3,% Of the many later research
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projJects dealing with cavity-related unsteady~flow phenomena, in
both the subsonlc and the supersonic speed ranges, the majority
were wind-tunnel studles; a few flight programs were undertaken
in the attempt to relate model results to full-scale measurements.

Almost all studies dealt with empty cavitles of simple geo-
metric shapes. A thorough wind-tunnel study - probably the best
avallable «~ of a specific aircraft-bay configuration ineluding
store was performed by Rossiter and Kurn in 19635, Some later
flight tests performed at subsonic and transonic flight speedsg
investigated a bay containing one asymmetrically located store®;
however, thls program was concerned primarily with vibratory re-
sponse and yielded only limlited pressure data on the store sur-
face. These two studles appear to be the only ones — before now -
dealing with cavity-flow/store interaction. One of the major
objectives of the present study was to determine — in a systematic
way — the effect of stores on pressure-fluctuation characteristics.

A cavity may be considered "deep" if its ratio of length (in
the streamwlse direction) to depth is smaller than unity; a cavity
is considered "shallow" if its length/depth ratio 1s larger than
unity. A deep cavity responds somewhat like an acoustic resonator,
with the compressible fluld inside the cavity serving as the pri-
mary storage medium for osclllatory energy, which 1s provided .by
the shear layer above the cavity. The vorticity is primarily
governed by the image vorticity in the forward and aft vertical
walls of the cavity; therefore, the vortex motion tends to be
in the direction of the depth, and the cavity is driven in a
= depth mode. A ghallow cavity, on the other hand, converts input
. energy from the vortex sheet into fore-and-aft oscillations, be-
P cause the vorticity i1s primarily governed by the images along the
E bottom wall; the cavity thus 1is driven in a length mode.

- In the current study, emphasis was placed on shallow cavities,
- since these are of major interest for aircraft-bay configurations.
1 Therefore, the theoretical conslderations and the experimental

- study dealt only with cavities with length/depth ratios between

: 4 and 7. The present investigation also concerned itself only

with cases where the cavity depth 1s much greater than the char- -
acteristic dimensions of the boundary layer upstream of the cavi=-
ty; this restriction is jJustifled by the practical cases of primary
interest.

The broad purpose of the program — to achleve a better in-
sight into the aeroacoustic phenomena that govern the response
characteristics of bays (with and without store) to external flows
at subsonic and supersonic speeds — required an evaluation of
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exlsting theories and analytical approaches. The major portion
of the total effort, however, consisted of an extensive parametric
wind-tunnel study and the development of semiempirical prediction
methods. Although complete understanding of all relevant phenom-
ena 1s still lacking, the study did accomplish its primary objec=~
tive — developing prediction schemes for the unsteady-pressure

environment in open bays.

Although correlation of wind~tunnel test results with full-
scale flight test results remains to be accomplished, one may
have some confidence in the validity of the results pertaining to
the dependence of osclllatory frequencles and broadband response
on geometric and aserodynamlic parameters. On the other hand, much
more work needs to be done before the amplitude-limiting factors

can be described with equal precision.

Section II of this Report discusses physical models of cavity
osclllations and presents some theoretical aspects of the aero-
acoustic behavior of shallow cavlities, Sectlion III describes the
experimental study, Sec. IV deals with predlction methods, and
Sectlon V reviews the entlre study. Some related problem areas
and detalls are presented in the Appendlices.




SECTION Il
THEORETICAL BACKGROUND

A. Peview of Physical Models

Of the relevant avallable literature - see Bilbliography -
this Section discusses only those studles that bear directly upon
the subject of this 1nvestigation.

In his work on unsteady=-pressure characteristlics in cavities,
Blokhintsev? simply equates an edge-tone frequency (determined by
flow speed and distance of leading edge to tralling edge of a
cavity) to an acoustic-resonance frequency of a cavity (calculated
by Rayleigh) taking into account a .mouth cerrection similar to
that of a Helmholtz resoriator. Experiments, however, revealed
that some coupling mechanlism between the edge-tone frequenoy and
the cavity-response frequency had to be assumed in order to ex=-
plain the deviation from the simple linear theory. :

Gibson? solves the wave equution for rectangular cavities to
determine possible resonance frequencies of a flow-cavity system.
Using boundary conditions of "no pressure difference at the open
surface" and " flow at the wall being parallel to the wall," he
assumes the cavity to resonate at its natural frequencies in
"room-mode resonances". Then, the resonant frequencies corre=.
sponding to different modee are given by :

¥ | ‘
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where a is the speed of sound in the cavify.

Equation 1 indicates all the rescnant frequencies possible
but cannot predict which of these frequencles will be excited by
a8 particular confilguration. Since resonant-mode frequencies — in
particular those of higher order -~ are closely spaced on the fre-—
quency scale, almost any frequency of resonance can be Justifled
by one room mode or another. To arrive at physical, meaningful,
response cheracteristics, one must thereforec select likely response
frequenclies - e.g., those corresponding to first- or low-order
length and depth modes.




Gibson discusses various eixclitation mechanisms without arriv=
ing at a firm conclusion about the most likely one. He rejects
the physical model of a Jet-edge/cavity system that would cause
the cavity to resonate at a nearby frequency. The argument is
that this scheme could account only for one of the resonant fre-
quencles of the cavity and not far all of the frequencles that in
fact occur.

i et e e
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- An alternate excitation mechianism — probably more valld in i
the high Reynolds-numbers regime at which he conducted the experi- ' 4
ments — could be related to the kroadband mixing noise 1In the shear ' ¥
layer over the cavity; the cavity would select those frequenciles
that correspond closest to lts modal-response characterlstilcs.
Another source of mlxing nolse i the large captive vortex in the
cavity driven by the outside flow. As an energy source, this vor-
fex becomes proportionally weaker relative to the outside flow
energy with increasing Mach number. This physical model could
indeed account for the fewer response-frequencles that are exclted
at higher Mach numbers. (In light of the results of the present
study, this model cannot be suprorted. See Sec. V.)

- A flnal model considered by Glbson 18 the shedding of dils-
crete vortices from the leading edge. Each time the vortex fre=-
quency — the fundamental or a higher harmonic thereof - approaches
a resonant frequency of the cavity, osclllation is lnitlated.
However, Glbson himself points out the inadequacy of thls model
‘at high Reynolds numbers, where discrete vortex frequencies are

. . . 'less likely and vorticity has & more random character. His ex-
- perimental results were not sufficient to determine which of the
‘various models 1s correct.

In analyzing those results, Covert"* and Gibson?® use a dimen=-
sionless Strouhal-number that, for a rectangular cavity, can be
expressed as

‘ T
3 A U
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Since their rectangular cavitlzs were neither very shallow nor
very deep but rather cublical, length and depth modes (as well as
apparently some spanwise modes) were observed. The experimental
data, however, agreed reascnatly well with the theoretical predic-
tions of Eq. 2 only in the surersonic flow-speed range.




Dunnham!, whose primary work was in hydrodynamic cavities with
flexible walls exclted by water flow, also performed some relevant
wind-tunnel tests at low speeds. His assumption of th~ formation -
of one or more large vortices irn the flow above the cavity is
physically appealing for the low-Reynolis-number regime. Through X
aerodynamic considerations, he shows that formation, convectlon, §
and trailing-~edge impingementv of the vortex results in a periodic i
entrainment and discharge of fluid into and. from the cavity mouth :
whereby the masa of air in the cavity is periodically compressed A :
but does not gain or lose 'any fluid. (Fig. 1) He thus effectively e
assumes — as do most other investigators - & hydrodynamlc, rather
than acoustic, feedback mechanism which i1s clusely related to the
geometry and aeroelastile properties of the cavity

Using this model, Dunham also suggests the formulation of a : !
Strouhal number S that employs (1) thre ratio of length L of the :
cavity to the dlstance A of the poin% of flow separation within
the cgvity from the rear wall and (2) the ratio of average vortex

- veloelty U, over a period T to the free-stream veloclity U; thus,

’ HOWever, because ﬁb and k are difficult to determine, the above
D expression 1s probably of 1imited practical value. T

Rlumnlbe ay aZ '\conclude from their extensive theoretical ‘\
”ﬁand experimental study that the response of cavities 1is dictated
by the normal ecoustle response of ‘& cavity, indicating that the’
~ forcing mechanism would be the upStream boundary-layer turbulence.
.~In the 11ght cf current knowledse, this i1dea cannot be supported.

e

oo The . concept of treating the - cavity osecilllation as an acoustic
‘ ‘response '$0 pressure fluctuations in the turbulent boundary layer
s valid only for a stable system, However, the combined system
of ecavity plus external flow is unstable; the amplitude of osgcil-
tlations i1s very likely limited by nonlinear processes governing
. the. shedding of vortices. As a demonstration that the excitation
canhnot be aseribed to boundary-layer turbulence, the introduction
of a small flow spoiler upstream of the cavity, which increases
. the level of the input turbulence, 1s found to reduce oscillation :
‘amplitudes bty an order of magnitude. Results of Krishnamurty's -
" 'Investigation® and of 'the eurrent study show conclusively that an 1
‘ approaching laminar ooundary layer is capable of lnitiatling very

- i




powerful oscillations that may exceed those resulting from a tur-
bulent boundary layer for otherwise ldentical conditions.

Plumblee et al.® offer a grediction scheme for both the ampli-
tudes and the frequencles exclted; however, response calculations

for shallow cavitles require a substantial analytical effort, For
the case of deep cavitles, they offer a straightforward method to
determine resonance frequencies; this method was later used by
East? to predlct resonance frequencles for deep cavitles at low
subsonlc Mach numbers. East finds empirically that resonant con-
ditions exlist when the frequency of the acoustic resonance of the
cavity equals the dominant frequency of the shear-layer feedback
system, the argument being that only by virtue of this "doubly
tuned amplification does the shear-layer unsteadiness (being the
energy source) receive the least attenuation." East presents as
an empirical relatlonship for resonant conditlons

%’- [1 + 0.65(L/D)°‘75] = 0.25 ()

East essentially adopts the earller model developed by Rossiter,
who conducted several major sctudies? !%!L12  This model implies
an acoustic feedback mechanlism; periodic vortices are shed from
the front 1lip of the cavlity as a result of the arrlval of an
acoustic wave radiated from an acoustic gource near or at the
rear llp; this acoustic radiation, in turn, is a result of the

.vortices atriking the rear lip. (Fig. 2) The mechanism produces

frequencies of a sequence m-a, where m is the number of complete

- wavelengths of the vortex motion along the cavity; m must be pos~

tulated to equal the number of complete wavelengths of the acous-
tic radiation to satisfy the experimental evidence. a 1s a con=-
stant that takes into account the phase differerices assumed to
exist (1) between the upstream arrival of the acoustic wave and
the subsequent shedding of a vortex and (2) between the downstream
arrival of a vortex and the subsequent vadlatlon of an acoustilce
signal. (This pkase-difference constant seems to be somewhat de-
pendent on the length/depth ratios.) On this basis, Rossiter
derives, as a semiempirical formulation for resonance frequencies,

. U (ﬁ‘- a) .1 _(m - a)
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where kyU 1s the vortex convection speed, which ls a fraction ki
of the I'ree-stream flow speed U, The speed of sound, &, in the

stream and 1in the cavity ls assumed to be approximately equal.

East confirms Rossiter's model through additional experimental
data and shows the effect of upstream boundary-layer thickness on
the eddy convection speed and thus on the exclitation frequency.

He determines the unknown vortex convection speed through Eq. 5.
This speed ranges from 35 to 60% of the free-stream flow speed,
degending’on the ratio of mean eddy-spacing to boundary-layer
thickness.

Covert*» 13 gonsiders the cavity, the interface, and the ex=
ternal flow as problems of hydrodynamlc stabllity and accounts
successfully for the coupling between the internal energy-storage
modes and the downstream transport of vortleity in the hlgh-
Reynolds=number regime for Mach numbers up to three or four. ' The
response of a cavity depends on matching the perturbation poten-
tials of the outer flow and the cavity flow (Fig. 3). Through
theoretical reasoning 1t can be shown that a cavity 1s to respond

“only if the vortex sheet at the interface 1s perturbed so that it

convects downstream at some other speed than that determined by
the equilibrium - i.e., the steady-state condition at which no
oscllletions would exlst. The perturbed vorticity then exerts

a force onto the fluid, thus inducing a veloclty in the fluid.

The product of thils force and this velocity determines the rate

at which the vortex sheet (or vorticity) can do work on the cav- .

‘%Eg.i Three cases are. then possible: The rate of doing work is =

ess than, (2) equal to, or (3) larger than the ability of the
cavity to dissipate energy through viscous losses or through acous-
tic radiation. In the first case, obviously any perturbations will
be damped out and the cavity wlll not be exclted. In the second
case, at a certain definite, critical velocity, energy supply
equals energy disslipatlion and the cavity energy-storage system is
in a state of neutral stability. This critical velocity, which
determines the lower bound at which the cavity can be excited, 1s
termed "onset-veloclty"* !5 1In the third case, where energy sup-
ply exceeds the abllity of the cavity to absorb energy, the cavlty
will oscillate. The oscillation 1is controlled by the energy-
storage system, which may be the fluid in the cavity (acoustilc
energy) or the elastic walls (as in Dunham's experiments). In
treating the problem as a hydrodynamlc stablility problem, Covert
calculates a curve of neutral stabllity that determines — for a
glven cavity conflguration — the minimum velocity at which the
cavity can respond. The cavity, however, can respond only at or
near one of the natural frequencles of the energy-storage system;
for onset conditions this 1s the lowest natural frequency.




Nothing is said about the upper veloclty bound ahove which
it has been found that the cavity ceases to respond; determining
this upper bound would require a very complex analysis. Also,
nothing can be sald yet about the amplitude-limiting mechanisms
that determine the levels in and arocund cavities, although the
analysis suggests a high "Q" osclllator mechanism. Krishnamurty's
results? as well as those obtained by East? and by the current
study, suggest that shallow cavities are in fact analogous to a
low "Q" oscillator. Theoretical considerations (Part B, belaw)
advance alternate models that exhlbit a low "Q" mechanism,

Most of the physical models discussed thus far assume the
shedding of more or less dliscrete vortices from the cavity mouth
as a "driving mechanism". Unfortunately, at high subsonic and
supersonic free-stream flow speeds, such models are no longer
acceptable. As pointed out by Baker!®, at these speeds the cavity
mouth can effectively be regarded as belng closed by a wake 1in
which the vortex nature of the flow 1s diffused. 1In the supersonic-
flow regime, the assumption of a random-character shear layer atop
the cavity convected downstream at a speed probably halfway between
the free-~stream flow speed and the rotational flow speed in the
cavity is presumably more valld. The shear layer 1ltself then pre-

- sumably follows the frequency of the natural energy-storage system,

assumlng a somewhat sinusoidal pattern, as suggested by Covert.

'To date, however, no valid physical model of the flow-fleld char=-
_acteristics under a supersonic‘free stream seems to be available.

In conclusion, the few models offered to desc¢ribe the phenom-

~.enon of pressure .oscillations in. shallow cavities in subsonie filow o
eommonly assume a“coircidence of a perlodic shear-layer instability - - « §

in terms of a rolling up of the shear layer into discrete vortices;

this periodicity 1s closely tied to an acoustic response frequency 1% ;

in this case a length mode of the cavity. Extension of this sube. ;
sonic model into the supersonic regime falled, as d1d~all simple - : b
frequency-prediction schemes. A model for the supergonic flow- :
speed regime can most likely be found in assuming a mutual rein- .
forcement of a shear-layer instabllity and a cavity energy-storage

system — a situation again closely tied to a free-stream flow

speed and cavity geometry. In both subsonic and supersonic speed

ranges, resonant frequencles can be expressed in terms of a

Strouhal number. No valid, generally accepted model 1s avallable

for amplitude prediction. Neither 1s there any theoretlically de-

rived scheme for predicting the aercacoustic environment of sgtore-
eontaining cavitles; prediction of frequencles and, in particular,

of amplitudes 1s difficult enough for simple geometric shapes of

empty cavities. There is, however, the qualitative observation

of Leupold and Baker!® that in some circumstances a resonance can

be suppressed 1f the shear layer at the cavity 1s influenced by

the store in the cavity.
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B. Discussion of Response Characteristics of Shallow Cavities

Although the physical models discussed above are 1lluminating,
they do not allow for quantitative predictions, other than the vari=-
ous simplified or semiempirical formulae for the resonant frequen-
cles of a cavity.

A successful theoretical model should make possible prediction
of both frequencies and amplitudes of the cavity response for a
given set of conditions. Reference 4 tackled the problem of frequency
prediction with considerable success, but the approximations neces-
sary to permit computation of frequencles are applicable only to
deep cavitles. Approximation procedures approprlate to shallow
cavities have not been found, and rellance has to be placed on
semiempirical formulae such as those of Rossiter!? ., (Covert's
theory takes no account of elther linear-dissipation effects due
to viscosity or mass exchange or nonlinear effects. The dlscus-
slon below 1s & preliminary attempt to relate the observed response
of shallow cavitles to these effects.

1. Dissipative mechanisms

'Unlike deep cavities, which exhibit sharp narrowband behavior
in their frequency/amplitude response characteristics, shallow
cavities tend to exhibit a broader, less steep, response behavior
and thus imply one of two possibilitiles: (1) if the cavity behaves
as a linear system, the losses are quite high or (2) the cavity.
may behave as a nenlinear system. The former is plausible because
the ratio of surface area to volume may be quite large in shallow
cavities, and energy dissipation tends to increase with surface
area.

If a cavity 1is considered as a classical single-degree-of-
freedom system with an effective spring constant ¢ and an effec-
tive mass m, then the (eircular) natural frequency wp of that sys~-
tem obeys

w; = ¢/m (6)

One may note that w? is equal to twice the strain energy
stored per unit deformation and per unit mass. Similarly, the
viscous damplng coeff'licient ¢, 1s equal to twlce the rate of
energy loss at unit velocity amplitude; the damping factor, or
ratlo of ¢; to critical damping obeys

10




LI (7)
r = .
Corit 2/0m

Fer an acoustic cavlty system, the "spring constant" ¢ is approxi-
mately equal to yp, where p denotes the pressure, and Y the speci-
fic heat ratic; the mass 1s approximately equal to p/k* where p
denotes the denslity and k the wavenumber of the oscillation for an
acoustle cavity. Therefore

ol = 1B k? (8)

The damping is usually attributed to radiation and viscous-energy
dissipation} however, these two factors are small. If one after-
wards neglects the quadratic terms, he finds

Cy « uk’ ‘ (9)

where U denotgs the vi&coéity, 80 that

1 Jﬂéi 1uk®
C o 2 Yop ‘ﬁ E p a . (10)

80 that for a linear system, one need not include this source of
- damping in the model of the‘unsteady flow.

To evaluate the convective losses, one may consider the mass
in the cavity as a function of time and apply the WBKJ approxima-
tion'®to the simple mass-spring system to obtain an amplitude
function x(t) in the following form:

-ift_\/,; (1_ T, o)
0172 [P at/m(t) e m{t) im(tye T om(t)

: S o (11)
v C (l - 0? + 1
m(t)

X =

Im(t)e cm(t)
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This value turns out to be extremely small, of the order of %1077,
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This expression implles that the effects of varliable mass can lead
to large damping without a serious reduction in frequency.

For sinusoldal mass variation given by m(t) = m, (l+e cos ut),
where ¢ < 1, the real exponential factor in Eq. 1l becomes

2 wt
ox ) tan=! i-¢ tan-7£ for =m < wt < = (12)
P = an 1+¢ - -
mowVl-e? ‘
whose argument varies from 0 to cln/2mowV1- : The damping can

be quite large®* if ¢ = 1. Also, the damping 1s large over part
of the cycle and changes slgn over part of the cycle, thus tending
to make the wave one-slded.

If ¢ is moderately large, then the natural frequency Wy of
the damped system may be obtained from

‘ . [ ¢t dt - /c _av/2_ ‘
wnt ~ n—'.l_o- fo - ﬁ_ F(ko’ 2) : (13)

Vil-g co8 wt 0 w¢2$
where
k2= g8 <1 (for R N ¢ [
and where
Plk,,48) = [09/2 28 - s

/1-k? sin?e

represents an elliptic integral of the first kind.

— _
For example, for € = 0,5,

c,T b.2 e,

® “om
2myw(l=e?) oW
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Recalling that

Fleo §) s Frcdor-d foun o] [G 0+ 39

. @ sin‘%wt+§?ﬁ)£+...] (16) .

and that u | e%
3@t BRen e B ] an

one finds that " | ’ gi

2 2
wgt = gt [ [1 e (B ) - ostnge (5 )] (18)

Some values of the ratio w /wo, as calculated from thils re-
sult are tabulated below

) 3 %’f
W o
™ . 999 .99 .96 1.07 [
0 : g
Thus one finds that even for relatively large values of €, the '
frequency 1s not altered very much. If € > 0.67, drastic changes ‘
take place. The solutlon becomes exponentially unstable over
part of the cycle.
As a speculation, then, one feels that any theoretical anal- | ﬂﬁ

ysis must include the possibllity of forced convection giving rise
to a variable mass in the system. Note that even if w n/we = 1

there 1s a modulation due to the time-variable damping and the
denominator of the WBKJ solution. Inclusion of variable mass does
not make the equations per se nonlinear; however, the mass addi-
tion will probably be a nonlinear function of the external pressure.

13
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2. Cavities with internal store

Consider now the effect of store in the cavity. If the store
volume is small compared to the cavity volume, the cavity acoustic
properties remain relatively unchanged. However, th2re 1s a marked
effect 1f the store is located in the shear layer at the cavity
mouth, because such a store then greatly influences the energy
transfer to the cavity. Considering that the basic problem has
yet to be solved for empty cavities, 1t 1s not surprising that no
solutions exlst for cavities with stores.

‘ The presence of one or more stores in a cavity affects the
acoustic behavior primarily for two reasons: (1) stores nhange

the volume and shape of the cavity and may increase the boundary
area of the acoustic volume and (2) waves may be refracted about
the store. The filrst effect 1s relatively unimportant for wave-
lengths that are not short in comparison to the store diameter;

the second effect 1s significant only for stores interfering with
the boundary layer at the mouth of the cavity. Covert's results‘,
which are based upon the behavior of the vortex sheet at the mouth,
suggest that stabllity is sensitive to this interference. Ffowes-
Wwilliams !’ shows that the nature of the moving streamline diminishes
the generation of acoustic energy at supersonic Mach numbers. A
store interacting with the streamline surface should reduce the
streamline motion. Datal®shows that interference with the vortex
sheet at the mouth of the cavity greatly alters the frequencies

and amplitudes of the sound. ‘

C. Discussion of‘Pressurc-Amp11tud§'Pradictions‘

All attempts to predict pressure amplitudes on a theoretical
basis thus far have falled for lack of a detailed understanding
of the physical process., The importance and effectiveness of
relevant energy-dissipation mechanisms cannot be determined, since
at present it 1s not even clear which of the various conceptually
possible mechanisms. (namely, viscous losses, acoustic radiation,
shedding of strong periodic disturbances in the downstream bound=-
ary layer, and convective mass exchange) plays the dominant role.
The linear amplitude-limiting model, which has been suggested,
has had no practical success. The nonlinear effects, which are
likely to affect the energy-input and/or energy-loss mechanisms,
are largely unexplored and therefore not accessible to theoretical
treatment. st A
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FIGURE 2. CONCEPT OF ROSSITER's MODEL.
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SECTION III
EXPERIMENTS

A, Scope of Experimantal Studies

Few of the research projects concerning cavity oscillations
pertain directly to alrcraft structures, and even fewer present
unsteady-pressure date in terms of spectra and levels. Primary
criterla for the results belng applicable to, say, an open weapon=
bay configuration are that (a) the cavity be shallow, (b) the ‘
boundary=-layer thickness upstream of the cavity mouth be much
smaller than the cavity depth, and (c¢) the relevant Reynolds
number based on the cavity depth be large ~ generally in excess
~of one mlllion.

in this restrictive sense, the most useful studies are those
by Krishnamurty?, Plumblee st al®, Morozov!®b 1, White and McGregor?®,
and, in particular, Rossiteri® 412 and Rossiter and Kurn®. With
the exception of Refs. 10 and 11, all of these were wind-tunnel
.studies, of simple rectangular cavities or of scale models @r L ey,
bomb bays®. The only studies of store-containlng cavities are
‘reported in Ref. 5, which deals with scaled bomb-bay configuration
and in Ref, 6, which contains data'on a missile in an actual air=
eraft pbay but offers only limited fluctuating-pressure information.

N The,qxperimentalfpart of thé curréntfstudy,wthérerbre,.Was‘

' directed 'at obtalning data both for empty and store-containing
- cavities for a variety of aerodynamic and geometric parameters so

that exlsting recults could be substantiated and then extended to
- yet unexplored regimes. Of particular Importance was the acqui-~
sition ol fluctuating-pressure data within and near the test cav-
itys however, data on steady-state pressure distribution, cavity
temperature, and recirculating velocities of the captive vortex
in the cavity were also obtained. Thus, a rather complete pilc-
ture of the relevant aercacoustic phenomena was developed.

The wind-tunnel test program was designed as a compromise
betwcen the deslre to test realistic configurations and the need
tc explore a variety of configurations that might lead to a com-
plete understanding of the mechanics of cavity oscillations.

Testing was restricted to shallow cavities with length/depth
- ratios of four or greater, as this 1s the range of greatest prac-
tical interest. The test Mach numbers ranged from 0.8 to 3. (No
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testing was attempted at transonlc Mach numbers, but even at Mach
number 0.8 some tunnel-interfererce effents were apparent - see
Appendix I.)

Tunnel stagnatlion pressures of 2, 5, 10, and 15 psia were
used to determine how the unsteady pressures in the cavity compare
with the free-stream dynamic pressure. Equivalent altitudes range
from 11,000 ft (1% psia at Mach number 0.8) to 120,000 ft (2 psia
at Mach number 3). (Variations in stagnation pressure at a glven
Mach number and stagnation temperature are accompanied by varia-

lors in Reynolds number and various tunnel boundary-layer parame

eters.)

- The instrumentation was selected to provide both a general
view of the mean flow and a detalled picture of the unsteady-flow
components. Mean-flow instrumentation was desligned to provide
data on the mean pressure distribution, mean air temperature, and
mean recirculation veloclty 1in the cavity. Unsteady-flow instru-
mentation consisted of a number of microphcnes distributed within
the cavity at locations 'selected to permlt identification of all
possible cavity-response hmodes. One microphone, located in a rod
that extended over the length of the cavity could be moved back

"‘and fort@,to’prdvide detailed pressure surveys.

‘ WMéans werefprovided‘fér processin- the microphone output 1n

one of tlLrée ways: (1) a tape recordiny for later analysis,
. (2) 'a narrowband variable filtering, and (3) & one~third-octave
‘band recal«time gpectrum analysis.

E. Wind-Tunnel Test Set-Up

1. Facilities aﬁd apparatus

The wind-tunnel portion of the test program was conducted

in the MIT Naval Supersonic Wind Tunnel, a continuous-flow tunnel

with a test section 18 in. wide by 24 in. high for Mach numbers

“up to 2.5 and a test section 18 in. by 18 in. for higher Mach

numbers. Nozzle blocks used in this test series produced nominal
Mach numbers of 1.5, 2, and 3; however, a subsonic nozzle block

was used for testing at the nominal Mach number of 0.8. Stagnation
pressures avallable at these Mscth numbers range from below 2 psia
to about 20 psia. The approximate range of Reynolds number/ft is
then 0.5 x 10% to 5 x 10¢., Exact figures are given in Table I.
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TABLE I. FREE-STREAM PARAMETERS AS FUNCTION OF MACH NUMBER
Stagnation* Dynamic Static Pressure Reynoldst
Mach Prezsure Pressure Number/
No. (psia) (psia) (psia) (d8) ft x 10-¢
2 0.587 1.31 173.1 0.54
0.8
10 2.94 6.56 187.1 2.7
2 0.856 0.544 165.5 0.59
1.5
‘ 2 0.716 0.256 158.9 0.49
2 ' .
' 10 3.58 1.28 ‘172.9 2.5
- 2 3.43 0.0544 | 145.5 0.30 |
3 10 1.71 0.272 | 159.5 1.5 J

*Assumed T, of 100°F.

During all tests the lower nozzle block was removed and re-
placed by a wooden insert occupying the lower 50% of the channel
(Flg. U4). This insert was Joined smoothly to a 1/2-in. thick
aluminum plate which spanned the test section and in which the
test cavity was installed. The plate was Jjoined downstream to a
simple plywood diffuser block.

2. Cavity model
An overall schematic of the cavity model is shown in Fig. 5.

The aperture for the model 1s cut into the aluminum plate spanning
the test section. The cavity itself, 20 In. long and 7 in. wilde,
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llies on the center line of the tunnel, approximately centered on
the tunnel windows. The cavity structure includes a heavy alumi-
num base plate that attaches to the tunnel floor. The upstream
and downstream walls of the cavity are l=in.-thick aluminum plates,
bolted to the base plate and the upper plate. The side walls are
1/2-in.-thick glass plates that are flat enough to give good
Schlieren guallty and are held in place by alumlnum rods and com-
pressed rubber gaskets.

The cavity depth is continuously (and remotely) variable
between 2.8 in. end 6 in. The position of the cavity floor may
be measured by reference to a transparent scale attached to one
of the glass sidewalls. The floor is sealed agalnst the cavity
walls by Teflon strips, which rub against the upstream and down-
stream walls and must support ead loads; these seals are backed
by heavily compressed O-ring gasket material and brass packing
strips. The seals against the side walls, which must provide an
alr seal only, are backed by foam-rubber packing.

On the cavity center line - 2 in. below the surface plane
and spanning the length of the cavity - is a 3/4-in.-dlameter
steel rod, which carries a microphone.

The rigid metal and glass cavity structure cannot be expected
to have high inherent vibration damping. Simple calculations of
natural frequencies of the floor, walls, traversing-microphone

. support rod, etc. showed that 1t was not possible to design the

structure .so0 as to separate.the frequency ranges of structural
and expected acoustic resonances. It was hoped, however, that
the massiveness of the structure would ensure a sufficient mis-

match between the structural vibrations and the acoustic “esonances‘

to prevent significant coupling of the two.

3. Instrumentation

Measured experimental quantities fall into two categories -
mean=flow quantitles and unsteady-flow quantities.

Mean=-Flow Juantities

Pressures: Stagnation pressure and static pressure of the
airflow in the test sectlon are read from gauges on the tunnel-
control console. There are six statlic pressure taps wilthin the
cavity: three on the floor, one on the front bulkhead, and two
on the aft bulkhead (Fig. 6). The pressures are read on silicone-
fluid or mercury multitube manometers referenced to vacuum. The
choice of manometer fluld 1s governed by the expected pressure

range.
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Cavity Recirculation Velocity: A piltot-static tube is lo-
cated near the center of the cavI%y floor, 0.5 in. above the floor
and facing aft. Pressures are read on the same manometer bank as
are the static pressurea., (The pitot tube faces aft in the cav-
ity in anticipation of a reocirculation driven by the mean flow.)
The height above the floor is such that the tube clears the in-
ternal boundary layer on the cavity floors.

Cavity Temperatures: The hot junction of an iron-constantan
thermoooupie {s set Tlush with the surface in a small epoxy
plug near the center of the cavity floor. The cold Jjunction 1s
maintained at 32°F, This thermocouple provides an estimate of the
static temperature of the recirculating flow in the cavity - and
thus of the sound speed in the cavity. (Imperfect thermal inau-
lation of the thermocouple from the aluminum plate and significant
recirculation velocities may introduce some errors in thils tem-
perature measurement.)

Unsteady~-Flow Quantitiqa‘

- Pluctuating Pressures: Unsteady-rlow data were sensed by
_means of ten microphones. These microphones (BEN Type 376) are
small piezocelectric units with the impedance matching circuit
"(FET) incorporated as an integral part of the unit. These micro-

" phones are located as shown in Fig. T = one upstream of the cav-

ity in the approaching boundary layer, five in the cavity floor,

- one in the rear bulkhead of the cavity, one in each side wall,
and one in the traversing rod. .

‘ .~ Vibration: Vibration levels were measured‘at one center
location on tne cavity floor to permit estimation of whether or

not these vibrations would interfere with the microphone measure-‘“

ments. One BBN Model 501 accelerometer was used.

Data Acquisition: Figure 8 1s a block diagram of the data-
acquisition system; the components are « ‘

10 BBN Model 376 transducers
BEN Model 501 accelerometer
common power supply (switched to each microphone
individually and to the one accelerometer)
General Radio, Type 1551 sournd 1eve_ meter
General Radio, Type 1921 real-time analyzer
Tectronix, Type 305a oscllloscope
Polaroid camera (Tectronix attachment)

tape recorder (for occasional use only)
Bruél and Kjaer, Type 2107, narrowband frequency analyzer.

HFRPRPEEP PHEOo
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For each test condition, 1/3-octave band spectra were displayed

in real-time on the scope screen and photographically recorded
for later analysis.

4, Flow visualization

One hlack-and=-white Schllieren photograph was taken durlng
each test run. The exposure time of the Schlleren optlcal system —
of the order of a few mlcroseconds - glves effectively an instan-
taneous pleture of the unsteady flow.

High speed motion plctures were taken during several of the
runs. The Fastax camera was operated at a nominal speed of 2,500

frames per second, recording approximately 2.5 seconds real-time
on one roll of film.

Wool tufts placed at several pecints in the cavity provided
a qualltative view of the mean flow in the cavity.

5. Stores

The store configuration and mounting arrangement are shown
in Fig. 9. The stores were of cylindrical shape (2-in. diameter)
with a 3:1 ogive-nose cone. Total length of each store was 16 in,
Belng rigidly fixed to the cavity floor, the stores vary in posi-

- tion relative to the cavity mouth as the depth changes.

‘6.' Test e@nd1f1ons

Tests were performed at all conditions shown in Table II.

7. Add1tiona1 tests

Flat-Plate Tests: A referenco fluctuating-pressure level in
the upstream boundary layer was determined by a series of tests
in which a covering plate was flush with the cavity mouth.

Half-Scale Cavity Tests: Appendix I discusses a series of
tests with a cavity 11.4 in. long. These tests were necessary to

check on a tunnel interference effect that was observed at sub-
sonlec Mach numbers.
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TABLE Il. TEST PROGRAM

———
Stagnation
NJEgLr Nngggr Conf?ﬁgcgtion Pr::?:re L/D
1 0.8 0 2 Y
: [ | s
3 2 7
h—- 6 5 As Above
- 9 | 10 As Above
10 — 12 o 15 As Above
13;_ 24 ¢ 1 As Above;————
25 - 36 0%8 2 — As Above
37— 72 1.5 ‘ — As Above
73 -108 2 ‘ : “As Above.
109 - 144 3 e - As "‘Above

'C.. Experimental Results — Empty Cavity

1, Sch]ierenopti¢a1 flow visualization

Figures 10 through 12 are Schlleren photographs taken during
runs at L/D = U4, at Mach numbers 0.8, 1.5, and 2, and at one
stagnagion pressure of 10 psia. (Flow direction is from left to

ﬁ o ‘ Tests at Mach number 0.8 produced an unexpected unsteady
shceck pattern that was visible in all Schlleren photographs -
e.g., see Flg. 10. The variation in shock pattern from photo-
graph to photograph for otherwise identical conditions implies

24




T S SR

2 B i st i

S i i okl Wi, —

ok e i b g i 4 %

-

that the shock-wave pattern is not stationary - as one would ex-
pect for supersonic flow conditions. It was ascertalned that the
appearance of the shock pattern i1s not caused by some shortcoming
of the facllity; when the cavity mouth was covered with a flat
plate (resulting in an undisturbed boundary layer), moving shock
fronts were not observed. An explanation of this strong inter-
ference effect 1s presented in Appendix I.

Flow visuallzation in Figs. 10, 11, and 12 reveal the turbu-
lent boundary layer atop the cavity mouth being heavily disturbed
by the cavity response. One might attempt to draw the dividing
streamline by following the upper contour of the boundary layer.
Thls procedure would qualitatively indicate the instantaneous
location of the dividing streamline; however, one should bear in
mind that since the Schlleren system shows an integrated picture
across the cavity width, identification of flow patterns 1s diffil-
cult. Figure 13 shows schematically a dividing — streamline os-
¢clllatory motion for conditions of cavity resonance. The shock-
wave front travels away from the initial disturbance (i.e., the
oscillating vortex sheet) much the same way an acoustic wave
would propagate in thils environment; the environment itself I1s
characterized by the presence of high-speed flow — and, unfortu-
nately, of the tunnel roof. The basic Inclination of the shock

. front 1s, of course, determined by the Mach angle. Shock-front

curvature 1s determined by the wavy shape of the initial distur-

bance. This qualitative behavior might be depicted in the Figures.

As Fig. 13 shows, a short-time-exposure Schlieren photograph gives
only an instantaneous plcture of a boundary-layer situation.

. One can see from these photographs that the oscillatory mo-
tion of the boundary layer near the cavity trailing edge could
result in the periodic mass entrainment and mass ejection postu-
lated in Sec., II B as a possible dissipative mechanism. Two more
qualitative findlngs that could be associated with the behavior
of the boundary-layer flow as visible in the photographs are:

1. The disturbance 1s greatest for the subsonic (M=0.8) and
the low supersonic (M =1.5) Mach numbers and seems to de-
crease for higher Mach numbers (M=2). [At a Mach number
of 3, in particular, the flow is, in fact, quite undic-
turbed (Fig. 1l4). This visual observation of the distur-
bance magnitude correlates precisely with the magnitude of
the fluctuating pressures for the various Mach numbers as
measured by the microphones.]

2. The disturbance grows towards the trailing edge. (This
observation correlates with the finding that the broadband
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ﬁ fluctuating-pressure levels also increase along the 1ongi-
tudinal axls towards the cavity rear wall.)

| Figure 15 presents the flow picture for the empty cavity at )
L/D=l4, at M=3, and at a stagnation pressure of only 2 psia. ‘
The boundary layer ls evidently laminar and exhibits a wavy pat- 1
tern ~ in contrast to Fig. 14 where, at P, =10 psia, the boundary |
layer was turbulent and exhibited no evidence of a wavy pattern. i
Figures 16 and 17, in which the cavity mouth was closed with a ;
coverplate, show the undisturbed boundary layer along the tunnel

wall. For M=3, a stagnation pressure of 2 psla produces a lami-

nar boundary layer and a stagnatlion pressure of 10 psia produces

a turbulent boundary layer. Reference fluctuating-pressure spec-

tra were obtalned for these conditlons.

Gea ik, e

2. Mean-pressure data - }

Mean pressures were measured at 8 different locations during
each run. Two of these locations provide information on the recir-
culation velocity through a pitot-static tube; the other six yleld
static-pressure information on the cavity floor and walls.

Typical results appear in Fig. 18, where data are presented
as the difference between the static pressure in the cavity P, and \
the free~stream static pressure P, normalized with the free-stream 9
static pressure. The distribution of statlic pressure on the cav- ‘ ‘
i1ty floor is shown for all Mach numbers for the empty cavity, for ;
L/D=4, and for 10 psia stagnation pressure. Data points were ob- : ;
tained from the pressure taps located at 0.1, 0.5, and 0.9 of the i

D T CRr )

\ cavity length; additional data points for Mach number 3 and for
AR 2 psla stagnation pressure — where the upstream boundary layer. is
P e laminar — are presented in the same plot. Figure 19 shows an
arithmetic mean of the measured pressures at the three points,
with the mean plotted as a function of Mach number. Also shown

E are points obtained by interpolation from Rossiter's resultsi? for
S the same L/D ratio. The sasgreement 1s gratifying.

gl nod oo e

At low Mach numbers, pressures lncrease towards the rear
of the cavity. At higher Mach numbers, the pressures at the front
of the cavity increase, leading to a more uniform pressure dis-
tribution and a higher mean. Static pressures in the cavity are
considerably higher for a laminar boundary layer than they are for :
a turbulent boundary layer. ‘ 1
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3, Recirculation velocities

Visual observation of the tufts cenfirms the accepted pilc-
ture of a mean flow comprising a single trapped eddy, driven by

the mean flow.

The pltot-static tube was used to obtain estimates of the
recirculation Mach numbers. If Py is the local stutlc pressure
and P, the lsentroplc stagnation pressure, then the local Mach

number is given by the expression

M, = (EE) [l + Iﬁ-u-e + 0(62)] s (19)

where ¢ = (P, —PS)/PS and 0(e?) represents terms of order e2.

Recirculation Mach numbers are calculated by assuming that
the pltot-static tube measures P, and P, and by retaining only the
first term in the above expansion. The results are presented in
Fig. 20. No attempt is made to distinguish between different
store configurations, as the effect of stores on the veloclty
measured at the pltot-statlic tube 1s unclear from these results.
It is apparent that the recircula ion veloclty 1increases wlth

depth,

At Mach 3, when a laminar boundary layer upstream of the
cavity exists at the low stagnation pressure, recirculation ve-
locities frequently cannot ke measured because the measured stag-
nation pressure is not larger than the measured statlc pressure.
Only two points (solid) can be presented in Fig. 20. It seems
that the turbulent boundary layer tends to drive a much greater
recirculation than a laminar boundary layer.

4. Cavity temperatures

The temperatures measured at the thermocouple inside the
cavity are presented as a recovery factor r equal to
-T,)/(Ty -Te). T, is the cavity temperature, T, is the stag-

(
nagion-temperature of the free &tream, and T, 1s the free-stream

static temperature as computed from T, and the free stream Mach

number. Calculated values of r are subject to error because of
the difficulty in synchronizing measurement of T, with a varying

value of T
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Results are presented in Fig. 21, with only the range of
recovery factor at each Mach number being shown. The scatter of
the results makes it lmpossible to observe any dependence of re-
covery flactor on cavity depth, store configuration, or stagnation
pressure. Only a slight Increase with Mach number 1is evident.

Recovery~factor data 1s of practical use 1n estlmating the
gpeed of sound in the cavity. Assuming that the measured T, rep-
resents the temperature of the air in the cavlity, then the sound
speed in the cavity ls represented as

| : . ¥ ,
a, = a, [1 + v (1{%}) Mz] , (20)

a, 1s the cavity sound speed; a, is the free-stream sound speed.
Whe.. r=1, a, =a,, the stagnation sound spesd. At M=0.8, de-
ereasing r from 120 to 0.8 decreases a, by about 0.3%. At M=3,
decreasing r from 1.0 to 0.9 decreases a, by about 3%. Thus, at
the lower Mach numbers, the error involved in assuming that the
cav'ty temperature is the free-~-stream stagnation temperature is
negligible, at higher Mach numbers, the error is only a few per=-

cent.

It 1s not possible, at Mach number 3, to dilstinguish between
recovery factors measured at 2 psia stagnation pressure (laminar
upstream boundary lajer) and at 10 psia stagnation pressure (tur-
bulent upstream boundary layer). It is not ‘appropriste, there-
fore, to assume that cavity recovery rfactors bear any relation to
recovery factors in the upstream boundary layer.

5. Unsteady-pressure data — presentation of spectra

Of 144 wind-tunnel runs originally scheduled, 75 were per-

formed. Each of these produced at least 10, usually 15, and some-

times 20 pressure-spectrum photographs. Only a limited number of
spectra are presented in thls Report. Spectra were selected =1-

ther as evidence to support conclusions offered 1n the body of the

Report or as background information in areas where definite con-
clusions cannot be drawn.

A1l spectra in this Report show fluctuating-pressure levels
scaled with respect to the free-stream dynamic pressure, which is

computed from nominal Mach numbers and nomirnal stagnation pressures.
As in acousticr, the wlde range of unsteady pressures requires the

logarithmic presentation 20 log p/q, where p is the fluctuating
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pressure and q is the dynamlic pressure. The additive corrections
in the following Table permit rapld translation té sound-pressure ]
levels referenced to ,0002 ubar or to free-~stream statlc pressure. ‘ =
The latter translation makes possible a vomparison of mean- and .
unsteady-pressure levels in the cavity.

TABLE III. PRESSURE-REFERENCE CONVERSION.*

'Stagnation ) 1

- Mach " Pressure | Dynamic Pressure | Dynamic Pressure it
yumber'm (psta) d8 re 0.0002 ubar | dB re Static Pressure i
2 . 166.0 | - 7.1 |

0.8 ‘ : \ ‘ ) ‘ ‘ y

‘ 10 ‘ 180.0 ‘ ‘ - 7.1 g

| 2 169 .4 B 3.9

loS \ . N . " . . o i . . '7 ,
e . 183.4 - o 3.9 2
S| 167.8 L 8.9 |
o 10 - 181.8 8.9 b
: : ‘ ' , ‘ ‘ : i
2 astes o - 16.0 . R

3 o o A : TS
: 10 175.5 | 16.0 3
*To convert to 0.0002 pbar reference level, add the guantity in ﬁ

column (3); to convert to free-stream static reference, add the
quantity in column (4).

- All spectra were traced directly from an oscllloscope pic- i
ture. Each step in the curve glives the level 1in each 1/3-o0ctave o
band. Center frequencles of only every third 1/3-octave band
are shown. Where more than one spectrum is shown on a figure,
the curves are identified as often as is necessary to disentangle
them. -
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6. Unsteady-praessure data — scaling with dynami¢c pressure

Flgures 23 through 26 present l/3-cctave-band spectra of
fluctuating-pressure levels measured at microphone #6, which lies
close to one of the rear corners of the cavity floor (see Flg. 7).
This location was chosen for analysis since levels are high at
the rear of the cavity, and a microphone in a corner of the cav-
ity should detect pressure oscillations in any normal mode.

The fluctuating pressures scale with free-stream dynamic
pressure* at M=0,8 (Fig. 23), at M= 1.5 (Fig. 24), and at M= 2
(Fig. 25). In each cese the nondimensional amplitudes in a glven
band typically do not differ by more than 2 dB; this difference
is not significantly greater than the inherent error of the data-
recording-and-analysis procedure -- e.g., the two stagnation
pressures differ by a factor of 5, which is equivalent to 14 dB.
The divergence 1s somewhat greater at higher frequenciles.

At M=3 (Fig. 26), however, the scaling fails. The pressure
fluctuations (relative to free-stream statlic and dynamic pres-.
sures) differ at the two stagnation pressures both in amplitude
and in frequency content., The significant difference in the test
conditions between the two stagnation pressures is that at 2-psla,
the boundary layer ahead of the cavity was laminar; at 10 psia
it was turbulent (Figs. 14 and 15). At lower Mach numbers, the
upstream bcundary layer was always turbulent within the test range
of stagnation pressures. As the stagnation pressure was lncreased
during runs at M= 3, the flow transition was readily observed to
occur at 3.4 to 3.6 psia. For comparison, see the Schlleren pho-
tographs (Figs. 16 and 17) obtained during flat-plate tests at
M=3, at 2 psia, and at 10 psia (stagnation pressure). The occur-
rence of transition could also be observed at mlcrophone #1, lo-
cated in the plate surface upstream of the cavity (Fig. 27).

From these results, it is evident that some boundary-layer
parameters muet be included in a theory of the amplitude of the
response of a cavity. Avallable data are insufficient to define
what these parameters must be; 1t has been found, so far, only
that (1) for a turbulent upstream boundary layer, the pressure-
fluctuation characteristics in the cavity are insensitive to a
Reynolds number change of 5 to 1 (for the partlcular experimental
conditions), and (2) the transition from a laminar to a turbulent
boundary layer greatly alters the cavity response. For work re=-
lated to the second conclusion see Ref. 8, which in addition to
extensive data, presents a theory that the pressure oscillations
in the cavity are generated by a linear response to pressure fluctu-
ations in the turbulent boundary layer. Figure 26 disproves this

®Contrary to the original test plan (stagnation pressures of 2, 5,

10 and 15 psia), testing could be restricted to P, =2 and 10 psia,
since no fallure of scaling with dynamic pressure was evident

(Fig. 22).
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theory; in fact, the laminar boundary layer produces the more in-
tense fluctuatlions in the cavity, desplte 1ts own lower nolse
levels. Krishnamurty's results? support thls latter conclusion.

However, it 1s still not known how (and whether) the upstream
boundary-layer characterlistics relate to the cavity response (other

than in the gross sense of laminar vs turbulent). As a further
i1llustration of thls point, pressure-spectra obtained upstream of

the cavity mouth and in the cavity for various test conditions are

presented in Filgs., 28 and 29. The lower curve shows the upstreanm
boundary-layer pressure fluctuations; the upper curve shows the

.cavity response. The lack of scallng with boundary-layer pressure

fluctuations 1s evident. '

7. Unsteady-pressure data — longitudinal energy distribution

Microphones #2, #4, and #5 lie on the center line of the cav-

ity floor. Microphone #2 1s near the upstream wall, microphone
#4 1s in the center of the floor, and microphone #5 near the rear
wall (Fig. 7). Figures 30 through 34 present pressure spectra
measured at these microphones at all Mach numbers, at L/D-ratiocs
ki and 7, and P, =10 psia. Spectra are also shown for M=3, and
P, =2 psia. The energy distribution — summarized in Fig. 35 -

~1s presented as the peak fluctuating pressure along the cavity

axlis, relatlive to the peak fluctuating pressure close to the for-

ward wall (x/L =0.0375).

The results show the fcllowing features:

1. Sound-pressuré levels at the response frequencies of the
cavity increase from front to rear of the cavity. The vari-

ation can be as high as 10 dB, corresponding to a factor of

3 on rms-pressure levels or a factor of 10 on acoustic-
energy levels.

2. The varilations in level are less pronounced for the deeper
(L/D = 4) than they are for the shallower (L/D=7) cavities.

3. The two observations support the idea advanced in Sec. II B
that a shallow cavlty 1s not acting as a classical acouscic
resonator responding in lts normal modes. It 1s easily
shown that for a rectangular box resonating in any of its
normal modes, thé fluctuatling pressures at positlons such as
those of microphones #2 and #5 should be equal. If we sup-
pose the acoustlic energy stored in a cavity to be propor-
tional to (amplitude of the oscillations)? times (cavity
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volume) and the energy exchanged per oycle with the free
atream to be proportional to %amplitude)2 times (surface
area), then the energy stored divided by energy exchanged

per cycle is proportional to depth. Thus deep cavitiles have
a hilgh Q-factor and resonate in thelr normal modes; shallow
cavities have a low Q-factor and resonate poorly, if at all —
though they may be driven by the free stream at relatively
definlte frequencles,

L, The energy distribution suggests that the cavities are driven
by an energy input near their tralling edge; the cavity at-
tenuates towards the leading edge. This concept 1s of in-
terest with regard to the various cavity-oscillation models
that are based on analogies with the edge-tone phenomenon.
This finding could support Rossiter's model in which an
acoustic feedback from the tralling edge of the cavity plays
a dominant role in the cavity-response system.

8. Unsteady-pressure data — lateral energy distribution

Previous investigators have not excluded the possibllity
that cavity resonance in transverse modes may involve oscillations
in a direction normal to the free stream and to the depth direc~
tion. Therefore, microphones were placed in two corners of the
cavity floor and in each glass side wall for the specific purpose
of detecting such modes. Thus, there are three pairs (Fig. 7) of
microphones, #2 and #3, #5 and #6, and #8 and #9, the comparison
of the spectra of which makes it possible to test for transverse
" pressure oscillations in the cavity.

Figure 36 illustrates the typical results, showlng spectra
‘from one such pair (#2 and #3) for one L/D ratio of 5.7, and at
M=1,5 for Py =10 psia and at M= 3 for Py, =2 psla. No sign of
transverse c¢scillations was present under any conditions - as
could be expected from the observations described immediately
above 1in the Section on longitudinal energy distribution. If a
" shallow cavity 1is to be regarded as a very .lneffective resonator,
then the only osclllations that will be evident will be those
that are very strongly excited. It 1s apparent that strong excl-
tation in the transverse direction 1s not avallable,.

9. Unsteady-pressure data — resonant frequencies
During each run a B&K narrowband frequency analyzer was used

to identify discrete frequencies in the output signal of one micro-
phone. The foliowing Table summarizes the results, showlng two
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different nondimensional frequencies: §, = (fL)/(U), and

S, w(fL)/(8a,); where f 18 the measured frequency, L is the cavity
length, U is the free-stream velocity, and a, 1s the stagnation
sound speed of the free st.eam. Only when the discrete-resonant
frequenclies could readily be determined were they used to compute
the nondimensional frequencles. Irregular modulation of either
frequency or amplitude of the signals often made selection of a
discrete-resonant frequency impossible.

TABLE IV. NONDIMENSIONAL RESONANT FREQUENCIES.

M L/D S, S, M L/D s, S,
0.8 | &4 0.72 0.54 2 4 0.55 0.81
5.7 0.72 0.54 0.87 1.29
7 0.72 0.54 | J 1.12 1.67
L | . | 5.7 0.55 0.81
1.5 | b 0.59 0.74 1.28 1.91
l 1 o.98 l.22 J 1.60 2.33
| 1.28 1.59 7 0.24 0.36
s f oouse ] ooutd {1 | l | o.54 | 0.80
‘ 1.28 1.59 ~ 1.14 1.70
7 10.59 0.74 1.63 2.42
vl ob | o | e R R
3 I 0.77 1.38
| 1.56 2.79
J 2.02 3.52
5.7 i.11 1.98
7 1.38 2,48
1 1.59 2.85

NOTE: For given L/D, frequencies from different runs often coin-
clde closely; in such cases only one typlcal frequency is
given.,

-
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S, 1s plotted as a function of Mach number in Flg. 37a. No
attempt 1s made to distinguish between different configurations
at each Mach number, as values of resonant frequencles are rela-
tively 1lnsensitlve to variations in L/D, stagnation pressure, and
store conflguration. Though these variables determine in an un-
known way the ocourrence of such dlscrete frequencies, the values
are closely independent of the particular configuration. Also
shown in Filg. 37b are data polnts from this and other investiga-
tions of shallow cavitiles. All of the data points in the Mach-
number range above 1.2 are from the current study - except for
one data point each from lnvestigation by Krishnamurty and Morozov
and others from the water-table data of White and MacGregor. In
the Mach-number range for which information 1s avallable, the
present data 1s seen to be consistent with previous results.

At least four curves can be drawn through current and pre-
vious data points. Each shows the Strouhal number to decrease
as the Mach number increases. Such curves are consistent with
the semiempirical model of cavity excitation presented by Rossiter??

His formula as discussed in Sec. II relates Strouhal number to
Mach number in the following:

. M.+1 ” s m=1,2,3...

He correlates his data using values of a=0.25, ky =0.57. Figure
37¢ shows the same set of data polnts together with curves rep-~
resenting S, for values of m frem 1 to 5. The agreement 1s seen
to be good at the lower Mach numbers (less than 1.5), but worse

near Mach numbers 2 and 3.

In deriving ‘his formula for S,, Rossiter assumes that the
sound speed in the cavity 1s the sound speed of the free stream;

~this 1s equlvalent to assuming a cavlty recovery factor of zero.

At low Mach numbers thils assumption Introduces only a small error,
but at high Mach numbers the error 1s much greater. Since recov-
ery factors were measured in the current program and found to be
¢lose to unity rather than to zero, Rossiter's formula can be im=-
proved for the higher Mach~number range by assuming the cavity-

sound speed to equal the stagnation sound speed. The formula for
the Strouhal-number then becomes ‘

Mme= 0
S* = o

: +
[1 + lﬁ%l Mz1E Ky

m=1,2,3... o (21)

{4+
-

34




T g L

£ T T e

S MBI e

S i i AT

2 L B e -

Flgure 374 shows the data points, together with curves rep-
resenting SY for the above values of a, k, and m. The correlation
achieved for data from the present study at Mach riumbers 2 and 3
is much improved. Note especlally that the point representin%
Strouhal number 0.77 at Mach number 3 1s shifted from the m= 4 to
the m= 3 curve. Additional reasons for this point lylng on the
m=3 curve are advanced below.

The Rossiter formula, so modifled, appears to be the best
avallable approach to correlating the discrete-~frequency response
of the cavity. It gives no indication of whether a particular
response frequency will be observed, or what the magnitude will
be. Rosslter does suggest & criterion for deep cavities for the
appearance of resonant frequencies, but it is not applicable for
these shallow cavities

10. Unsteady-pressure data - mode shapes

In expectation of observing acoustic resonances in the cav-
ity, a movable rod — spanning the length of the cavity — was in-
stalled. In this way, a microphone could be positioned by remote
control over almost the whole length of the cavity. In early runs

some effort was made to use the traversing microphone to locate

maxima and minima of the rms pressure in bands containing reso-~
nant frequencles. This procedure proved to be too time-consuming
and was replaced by a policy of measuring sound pressure at five
or more points, often restricted to the upstream half of the cav=-

ityc ! } . . : ) . 1 .
For each run for\which the traversing micrdphone was used,
the rms pressure in the most intense frequency band was plotted
against position measured as a fraction of the cavity length -
0 at the leading edge and 1.0 at the tralling edge. The refer-
ence for the fluctuating pressure was the free-stream static pres-
sure. Note that effective plotting of mode shapes requires
changing from a logarithmic (decibel) to a linear presentation of
the rms pressures. Small errors in the logarithmic pressures
(¢1 dB, for example) become relatively large errors on a linear
scale. For this reason, drawling of mode shapes through a small
number of data points can be speculative. ¥Figure 38 shows an
attempt to draw such shapes. Higher-order modes in particular
cannot be identified. There 1s striking external evidence con-
firming these mode identifications.

Figure 39 shows the resonant frequencles plotted as the sec-
ond of the Strouhal numbers, S,, comprising the speed of sound

35




rather than the free-stream {low speed as a function of Mach num-
ber, If 1t 1s assumed that the sound speed in the cavity 1s the
stagnatlon sound speed a, — roughly a correct assumption — then
the resonant freguencies of the cavity consldered as a purely one-
dimensional osclllator resonating in a lengthwlde direction are
f=(na,)/(2L) ~ 1.e., S, =n/2 ~ where n=1,2,3... 1s the number

of pressure nodes, Lines representing these ideal resonant fre-
quencles are drawn on Fig. 39. Whenever the number of nodes as-
soclated with one of the resonant frequencies can be identified
from one of the mode-shape plots, 1t is shown alongside the data
point. Data polnts shown as crosses are identified from the real-
time frequency analysis, and are gilven as band-center frequencles.

The assoclation between frequencies with corresponding num-
bers of nodes and the ldealized frequencies 1is obvious. It is
not known, however, whether, given mcre complete data, this pro-
cess can be continued to higher-order modes. Note also that the
points on the Rossiter curves in Flgs. 37c¢ and d assoclate
according to the number of nodes. 4Again, the reason for this
is a sublect for study.

There is a trend for the observed frequencles to correspond
to the 1ldealized resonant frequenclies of the cavity at high Mach
numbers. At lower Mach numbers the 1deal resonant frequencles
~of the cavity are a poor gulde to the observed frequencies, belng
"in error by as much as 50%. As mentioned earller, the cavity is
a poor acoustic resocnator, and the impedance at the surface ex-
posed to the free stream differs greatly from that of a hard sur-
face. Note that an assumption of an ideal open surface (zero
pressure fluctuations) would lead to estimates of

| >
s, = 3 [n2 + I‘I‘f{] . | | (22)

These frequencles would differ from the observed frequencies by
factors of two or more. Though a complete estimation procedure
for the resonant frequencies of cavitles awalts further study, the
assumption of a "closed" cavity is better than that of an "open"
cavity, especially at higher Mach numbers.

Note that the trend towards the ideal closed-box frequencies
at high Mach numbers can be justified theoretlcally. Reference 21
indicates that, as Mach number tends to infinity, the pressure
exerted by the outer flow on the air in the cavity can be approxi-
mated by
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where p' 1s the pressure fluctuatlon at the interface between outer
and inner flows, Peo and a, are cavity alr density and sound speed,
respectively, M 1s the free-stream Mach number, and 9h/dx is the
slope of the dividing streamline. At lower Mach numbers, this
expression becomes much more elaberate; thus it 1s difficult to
make theoretical models of unsteady cavity {'lows“. Here, we sim-
ply note that as M becomes large, pressure fluctuations become
large relative to the interface displacement. The impedance pre-
sented by the 1interface becomes large proportionzlly as M in-
creases; the closed-box frequencles are then approached.

The formula for S¥ could be modified to demonstrate this
limit, but it would then beccme even more empirical in nature.
Also, the present data 1s not available at high enough Mach num-
bers to make this process worthwhile.

11, Unsteady-pressure data — oscillation waveforms

Tape recordings of the output of microphone #6 were made for
all test configurations at Mach number 3. The intention was to
determine the waveform of the pressure-time histories for some
experimental c¢onditions. Although this part of the test program
was not very comprehenslve, the results are interesting enough to
Justify their presentation. A sample time history is shown in
Fig. 40a. These oscilloscope traces represent the unfiltered out-
put signal. ‘

The high-freguency oscillation seen in the photographs occurs
at a frequency above 20 kHz and is 1dentified as the lowest reso-
nance frequency, of the microphone diaphragm. The signal, after
being flltered.through a low-pass filter to exclude this resonance
is shown in Fig. 40b. Experimental conditions for this oscilla-
tion waveform were L/D =5.7 and P, =2 psla. Figure U40c shows the
filtered signal at the same conditions, but at P, =10 psia. Real-
time spectra of the output of microphone #6 under these conditions
were previously shown in Fig. 26, which exhibits a peaked spec-
trum when P, =2 psia and a broadband "haystack" spectrum when
P, =10 psia.

When the spectrum of the fluctuations 1s strongly peaked
near 1250 Hz, the signal waveform is visibly periodic, and the
peak frequency can be estimated readlly by counting periods.
When the spectrum of the fluctuations is broad, exhiblting no
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clear resonances, the waveform 1s not strongly periocdic. The
waveform does, however, superficlally appear to be composed, not
of a sum of 1independent, randomly phased sine waves, but of a
serles of events similar in nature. The periodicity of aperiodic-
ity lies in the spacing of these events, In one instance, the
signal is composed of events occurring at regular time intervals
and 1s strongly periodic; in the other instance, the spacing be-
tween events appears random, though with a definite mean, and the
signal thus shows no clear frequency peaks.

It 1s not possible on this evidence to relate the difference
in these waveforms to the sallent difference between the experi-
mental conditions of the two runs compared - l.e., a condition of
elther a laminar upstream boundary layer or a turbulent upstream
boundary layer. These results do, however, suggest an approach
for a distinction between "discrete-frequency" and "broadband"
noise in the study of cavity oscillatiorns.

In addition to showing this difference between periodic and
aperiodic fluctuations in the cavity, all other tape recordings
show very distinect nonlinear waveforms. A study of thils nonlinear-
ity may provide some insight into the mechanisms governing the
amplitudes of oscillations in the cavity.

b, Experimental Results — Store-Containing Cavity

1. Unsteady-pressure data — effect of store insertion

Figures 41 through 45 present pressure spectra at microphone
#6 for L/D=4, 5,7, and 7, for a Mach-number range from 0.8 to 3,
and P, =2 and 10 psia. (Recall that for M =3, P, =2 psia resulted
in laminar flow and P, =10 psia caused turbulent flow.) For each
condition, spectra are presented for the empty cavity (E), for the
cavity containing one store (1), and for the cavity containing
two stores (2).

In the absence of a theoretical model for the effect of stores
on the cavity response and in vi:w of the limitations on the ex-
tent of the present data, no attempt 1s made here to make other
than these purely qualitative observations:

1. The present study confirms very strongly the observations of
Leupold and Baker!® that stores near the mouth of the cavity
have a great effect in diminishing the rms-pressure amplil-
tudes in the cavity. In planning a test of a store-contalning
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cavity of variable depth, one must decide whether to main-
tain the stores at a filxed distance from the cavity floor
or at a fixed dlstance from the surface plane of the cavity.
In this study, the stores were attached to the floor. 1In the
high-floor position (L/D=7), the upper surfaces of the
stores lay Just flush with the cavity-surface plane and in-
terfered with the shear layer atop the cavity. In the low
position (L/D =4), the stores lay almecst entirely in the
deeper half of the cavity. The pressure spectra show that
at L/D=7, intensities in peak 1l/3-octave bands are down by
factors of the order of 10 4B and frequently are no longer
identifiable above the broadband content of the spectrum.

The effect of insertion of store i1s summarized in Fig. 46.
Pressure fluctuations in the most intense 1l/3-uctave band
(frequently the main resonant mecde of cavity respcnse) are
presented for empty, one- and two-store configurations, at
each L/D ratio for M=3 and P, =2 and 10 psia; the latter
conditions did not show any resonant frequencles. Note that
the shallow-cavity results show especially strong suppression
of resonance by the presence of stores.

The effect of store interference (t./o stores) with the shear-
layer flow above the cavity 1s also observed in the Schlieren
photographs (Figs. 47 through 50) obtained at M=3. The

- oscillating laminar boundary layer atop the empty cavity is

readily visible (Fig. 47). This stage corresponds to large
narrowband amplitudes in the cavity response. (The relevant
pressure spectrum was shown in Fig. 26.) Presence of store
effectively kills the oscillatory metion of the laminar
boundary layer (Fig. 48), causing the narrowband peak in the
response spectrum to disappear. (Compare Fig. 44 spectrum
denoted "2".) |

The case of the turbulent boundary layer (Figs. 49 and 50)
exhibits no qualitative difference in the appearance of the
shear-layer characterlistics. However, the turbulent shear
layer for the empty cavity already showed no oscillatory
motion, and the presence of store dld not change this stage.
Hence, the spectra for the two cases were almost identlical

(Fig. U5).
The observations lend qualitative support to the idea that
the cavity response 1s dominated by energy-exchange mecha-

nisms at the shear layer which are disrupted by the proximity
of the stores.
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An instance of a converse effect 1s seen in Fig., U4, Here,
for the deeper cavity (L/D =4) containing two stores, a new
high response frequency appears in a band with center fre-
quency 3150 Hz. This high frequency is thought to be an
acoustic-response frequency of the enclosure formed by the
stores, the cavity floor, and the walls. An acoustic reso-
nance 1s conceivable, in view of the relative lsoclation of
the enclosure from energy exchange with the free stream and
the consequently higher Q-factor, Beca''e of the compllica-
ted geometry of the enclosure, theoretical estimates of the
normal-mode frequencies of the enclosure are not readily
avallable.

The presence of one asymmetrically located store in the high-
floor position results, in most cases, in only a moderate
reduction of the peak level of the main narrowband response
of the cavity. This observaticn indicates that the undis-
turbed half of the cavity shear layer is still capable of

driving the cavity in a length mode. The addition of a

second store, which effectively fills the cavity mouth area,‘
prevents. longitudinal modes of response.

Moving one or two stores away from the shear layer towards
the cavity interior (in our experiments by lowering the
floor) so they will not interfere with the shear layer usu-
ally results in the stores having .almost, no effecét on the

‘cavity—response behavior.

Unsteady pressure data - 1atera1 energy distribution

Test results revealed that no uransverse-oscillation modi

could be detected within the empty cavity. This situation was
explained by the unavailability of strong transverse excitation
in a shallow cavity. For the flrst time, experiments were per-
formed with an asymmetrically lorated store configuration. The
possibility could not be excluded that the asymmetric case would
result 1n some leteral oscillations. However, Flg. 51 shows that
this was not the case, It was then to be expected that there
would also be no transverse oscillations for the two-store con-
figuration,
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FIGURE 4, INSTAL‘LATION OF EXPERIMENTAL CAVITY IN MIT
NAVAL SUPERSONIC WIND TUNNEL (HALF NOZZLE
BLOCK FOR SUBSONIC SPEEDS).
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FIGURE 7. LOCATION OF MICROPHONES
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FIGURE 10.

SCHLIERENOPTICAL FLOW VISUALIZATION — EMPTY CAVITY;

TURBULENT BOUNDARY LAYER; M = 0.8; L/D = 4; P = 10 psia.
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FIGURE 11.

SCHLIERENOPTICAL FLOW VISUALIZATION — EMPTY
TURBULENT BOUNDARY LAYER; M = 1.5; L/D = 4;

L8

CAVITY;

P, = 10 psia.
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FIGURE 12,

SCHLIERENOPTICAL FLOW VISUALIZATION ~ EMPTY CAVITY;
TURBULENT BOUNDARY LAYER; M = 2; L/D = 4, P, = 10 psia.
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* FIGURE 15.

SCHLIERENOPTICAL FLOW VISUALIZATION — EMPTY CAVITY;

LAMINAR BOUNDARY LAYER; M = 3; L/D = 4; P, = 2 psia.
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FIGURE 16. SCHLIERENOPTICAL FLOW VISUALIZATION — CLOSED CAVITY;
LAMINAR FLOW; M = 3, P, = 2 psia.
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FIGURE 17.

SCHLIERENOPTICAL FLOW VISUALIZATION — CLOSED CAVITY;
TURBULENT FLOW; M = 3; P = 10 psia.
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FIGURE 22. EFFECT OF CHANGING DYNAMIC PRESSURE‘ON SPECTRUM -
EMPTY CAVITY; M = 0.8; L/D = 4; MICROPHONE #6.
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FIGURE 23.
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FIGURE 24. THIRD-OCTAVE-BAND SPECTRA — EMPTY CAVITY; M = 1,5;
P, = 2 and 10 psia MICROPHONE #6.
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P, = 2 and 10 psia MICROPHONE #6.
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P, = 10 psia; MICROPHONES #2, #4, #5.

67




SRR A A i Thi e St S

T TR T RTAT ey

SRR -k s

0
~20 s s /4-
Y ‘Jﬂ-  dna
-40 ='ﬂﬁ::aqf
] /.LL L/D = 4
m
© -80
<
o -lOO
_g_' 0
S ,
1 : pal
~ | [ L/D=7
-80
-100

A A A AU

n

RREEEEILL
FREQUENCY H2

FIGURE 31. THIRD-OCTAVE-BAND SPECTRA — EMPTY CAVITY; M = 1.5;

P, = 10 psia; MICROPHONES #2, #4, #5.

68




i At ‘
T R ,.4_m!rf:zmrm‘ﬂ‘m‘,‘g‘.!@mﬂ"f ;wga‘ﬁ";::rﬂ:"-m W T

- o
\
@

il
¥
I

R ity 711 1 e g

7 s _{—'fh-: L/D=4

1
o0
o

T
”

M B L

:

i

;.
i3
.
3
'y
=
E
1.3
L4
4

.- 20 log p/q, dB
5
(o]

L/D=7 R

NFF

-100

3.15K —

CREEEGYE ]

FREQUENCY H2

«5

12.5K —

FIGURE 32. THIRD-OCTAVE-BAND SPECTRA — EMPTY CAVITY; M = 2;
P, = 10 psia; MICROPHONES #2, #4, #5.

69

1
r
m B T . N e R e L




0
~20 = 2
/
-40 -
- L= L/D= 4
60 e e i
- 2’
@
©  -80
o
~
=
o 0
1 o ‘ R . ‘ ﬁ
8 -~ .2 ‘
: | N 20 1 514
3 q . =, ‘ /-
e - -40 - el ,4-,: = :F: £ |
S | IS el B O O B L/D=5.7
= | -60 Sl B N e
. P ]
- 80
"|°0
b T T 1 T 1 EIS als alg %
;. n O
s ““’gggg-';;dg
i FREQUENCY Hz
, FIGURE 33. THIRD-OCTAVE-BAND SPECTRA — EMPTY CAVITY, M = 3;
i P, = 2 psia; MICROPHONES #2, #4, #5.
| 70
A




R R B .53 5 s i bl - b

il [

L/D=4

L/D=T7T

4
LU 4
‘x
-80
Eéifg 7 Rl
a ' 4
° -80 z
o
Qa -100
g 0
& -20
-40 Vd
-60 L= _ T
}_-_ -
-80 2
-100
BERREIRY
n
“ §5 § §$ § = 4 6 o
FREQUENCY Hz
FIGURE 34. THIRD-OCTAVE-BAND SPECTRA — EMPTY CAVITY; M = 3;
P, = 10 psia; MICROPHONES #2, #4,
71




P(xsL=0.0375)

L4

O M3, L/D=7

A M=20.8, L/D*7
O Ms3, L/D:=4

‘ /"M-‘o.a, L/Ds4

] — |

FIGURE 35.

: 0.5 ‘ 10
DISTANCE FROM CAVITY LEADING EDGE

LONGITUDINAL ENERGY DISTRIBUTION — M = 0.8 and 3;
L/D = 4 and 7.




Y P r ER  J Y T N ———
e i T G e S

El :;
14
E -:
i ¥

Fo =10 psi
M =15

T T SRSV

o4

20 log p/q, dB
5
o

“.40 - a - : :

A—-%
12.5K —
ST DTS

|
5 &

IGK—1

S8 3§§§

FREQUENCY Hz

FIGURE 36. THIRD-OCTAVE-BAND SPECTRA — EMPTY CAVITY; L/D = 5.7;
MICROPHONES # 2, #3.

73




T ¥ v v 1 v L] v v J I v L§ L] L]
20k @  CURRENT REPORT,L/D» 4 .
' 4 CURRENT REPORT,L/D+8.7
B o CURRENT REPORT,L/D=7 -
" l
e
- a4 -

sl -

. . -
[ ,
- an 4 .

d S, ' , _

E L | -
k e

I i
3 .

3 08~ ‘ - 1
b - .

™
i

) 3 ) 3 ) | ) I TR 1 1 5 N '

0 ‘ 1.0 2.0 30

FIGURE 37a. NONDIMENSIONAL RESONANT FREQUENCIES AS A FUNCTION
OF MACH NUMBER (CURRENT RESULTS).

T ¢ s R W T TR

T4

B
i

.’.

3

4

F R R e o e -4
: i R . R ke e SRR A 10 e e T
H

: .




Ll L Li) L L L A | ¥ L] l  § L ) L) L] v
20k ®  CURRENT REPORT,L/D* 4 . _
' & CURRENT REPORT,L/D*8.7
5 e CURRENT REPORT,L/De 7 .
° KRISHNAMURTY 1988 :
L ® ROSSITER 1966 i
s e MOROZOV 1960 :
‘ \ ¥V  WHITE @ McGREGOR 1967 .
] . (WATER TABLE)
B S | : : = |
1,'5 - -
- . .‘ -{
- " :- 4 il
8 b
. ] ‘ -
e .
: 1 11 : .
. '8 e s L ]
\°,_~ . ‘. . - . . ' 7
l 2o . | . .
i fo a
B CELE :| -
.°°? [ N ‘ ‘ . .
- te sV =m0 g
R % »? ]
03} ® ° -
8% ¢ v
5 14 % e v 4
[ ]
= w g V 9V v -
i 7
o 3 y A \ | A ) 3 y 1 P el
0 1.0 M 20 30

FIGURE 37b. NONDIMENSIONAL RESONANT FREQUENCIES AS A FUNCTION OF
MACH NUMBER (CURRENT RESULTS AND OTHER INVESTIGATORS'

RESULTS).
75
20 0 ko S e o AT o FRINAR I S RS

T T < et

ety i, e S ot
i R e e e T e




— R T i L i .‘__::,,:»«';,;:A,A' S I . ST ) . J— B . v

NONDIMENSIONAL RESONANT FREQUENCIES AS A FUNCTION OF
MACH NUMBER = IMPLEMENTATION OF ROSSITER'S FORMULA.

16

AT e N

PR JUUE
e g | it e

R sy e T4 T




L T R TR TN

o —— m=l
ot vV eV .
i
i i § ,
Iy 1 1 L | | ) 1 4 5 1 i ‘ 5
% ) 4 e 30 | | ?3
M g
FIGURE 37d. NONDIMENSIONAL RESONANT FREQUENCIES AS A FUNCTION OF )
: MACH NUMBER — IMPLEMENTATION OF MODIFIED ROSSITER \
: FORMULA.
77




0.l B 8. RUN NO. 75 i
B nel -

0 05 1.0

ol bel s . R

-
j

b. RUN NO. i4 E
- n‘z ‘."‘j

b, o . o Tes o
oo ¢ RUN NO.99
~ - n=3

J
1.0
T.E.

| FIGURE 38. SUGGESTED SHAPE FOR FIRST-, SECOND-, AND THIRD-ORDER
P MODE.

FOCTTESRREIINE T SRS SV AH SRS SR AT Z RSN IR e TS




0

o

n.7-__--—.-'-—"-'—_—'—_‘_—-—_—-

Ln.s—-—_ . —— ' oo—

N85 o e e e e et e ‘ — -0

00

Ned o e

Lo .

Ne ] e e

(o) 1 2 3

M .

FIGURE 39. STROUHAL NUMBER S, AS A FUNCTION OF MACH NUMBER.

79

T e e 3 i A

Ind

e i

. _ , . [ o, i i s s B b e e S e
i s R e T ki ik S




Sweep Rate 0.2 msec/cm

FIGURE 40. TIME HISTORY OF BROADBAND SIGNAL FROM ‘MICROP_HONE #6:
(a) UNFILTERED SIGNAL; M = 3; L/D = 5,7; P, = 2 psia.
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FIGURE 40.

FILTERED SIGNAL; M = 3; L/D = 5,7, P, = 2 psia,

(b)
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FIGURE 40.
(c)

Sweep Rate 0.2 msec/cm

CONCLUDED:
FILTERED SIGNAL; M = 3; L/D = 5.7; P, = 10 psia.
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FIGURE 41. THIRD-OCTAVE-BAND SPECTRA — EMPTY CAVITY (E); CAVITY
WITH ONE STORE (1), WITH TWO STORES (2); M = 0.8;
P, = 10 psia; MICROPHONE #6.
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FIGURE 48. SCHLIERENOPTICAL FLOW VISUALIZATION — STABLIZED
LAMINAR BOUNDARY LAYER ABOVE STORE-CONTAINING CAVITY;
M=3; L/D=17; P, =2 psia.
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FIGURE 49.

SCHLIERENOPTICAL FLOW VISUALIZATION — TURBULENT

BOUNDARY LAYER ABOVE EMPTY CAVITY; M

P, = 10 psia.
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SECTION IV
PREDICTION SCHEMES

A. Introduction

The prediction procedure advanced In thls Section 1s brased
solely on wind-tunnel experliments and 1s not supported by any
flight-test results. 1In fact, the validity of scaling model tests
to a real-flight situation for flow-induced pressure oscillatlions

"in shallow cavities has not yet been establlished. However, pre-

vious studies? indicate that geometric and frequency sraling can
be achiéved through the use of a Strouhal number and that levels
can be scaled with the dynamic pressure

‘ To determine whether - in a flight situation — the koundary
layer 1s turbulent by the time. it reaches the leading edge of an
open cavity, one might use Fig. 52, where a transition Reynolds
number, Rem =3 2:U,/v, 1s presented as a function of Mach number,

‘This‘figurg refers to a flat-plate situstion, where & is the dis-

tance from the leading edge, U, 1s the free-stream rlow speed,
and v 1s the kinematic viscosity. The aircraft-surface region
upstream of a cavity, hcwever, is frequently curved, and an ad-
verse pressure gradlent tends to encourage flcw transition. So,

it is probably safe to assume that under those ciroumstaﬂces,
the boundary layer is turbulent earlier than predicted by Fig. H?H‘

As discussed previocusly, there 1s probably an 'effezt of the

ratio of boundary-layer thickness and cavity depth on the response

characterlistics of a cavity. However, the experiments in this
study were designed tr simulate an aireraft situation in &hat
typical boundary-layer dimensions were small cnmpared to the

cavity depth.

Assuming a typical distance of the aircraft-nose tip to a-
cavity leadlng edge to be 10 ft then, within a typical flight

'Reynolds-number range of 1068 <Re <10?% and a Mach-number range of

0 <M <3, the displacement thickness would ordinarily be 0.1<8%*in.<1
and thus will always be small relative to a typical cavity depth.

In the current experiments moderate Reynolds-number changes seemed
to have no effect on the resonance frequency and thus could be

neglected except feor determining <he stage of the oncoming boundary
layer.

An 1deal prediction scheme produces, for a glven geometry and
given flow parameters, nondimensional spectra of the unsteady
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pressures at various points Iin the cavity, as well as some means
of' correlating the pressure fluctuatlion at different cavlity loca=~
tions,

It seems possible to characterlize the many pressure spectra
produced by this investlgation as being composed of two parts.
One 1s a broadband "background noise", in which level changes be-
tween adjacent bands are small. The other 1s a set of discrete~
frequency tones, which in most cases contaln the majority of the
fluctuating-pressure energy. In Sec. III-C, it 1s suggested that
these two parts of the spectra may be related; however, barring
more posltive evidence of thls, these predlctlion schemes are
framed with the assumption that these effects are unconnected.
The procedure for a predictlon scheme 1s then

(1) estimate the frequencies of the rasonant responses of the
cavity and determine the associated mode shapes;

(2) estimate the amplitude of the resonant‘responses; and
l (3) estimate the amplitude and shape of the broadband spectrum.
B. Resonant Frequencies

With the modified Rossiter formula of Sec. III-C,

U M ! ‘
: T W% K
[1‘+155MQ] v
wherem = 1,2,3, ..., 0 = 0.25, k = 0.57, and v = 1.4 the adiabatic
j \ exponent. Thls formula generates a set of frequencies, each of
§~ which corresponds to a value of m. Dilscrete frequencies in the
d - pressure spectrum of the cavity response will have values close
] to members of this class. It is not posslble at present to pre-

dict whether these frequencles wiil actually be observed., As a

i ‘ general gulde, the m=1 response 1s unlikely for Mach numbers much
greater than 1; the m=2 response 1s almost always observed except
for high supersonic Mach numbers; the m=3 response 1s common; the
mal response seemrs to be confined largely to high Mach numbers.
In any event, responses for m > 4 become difficult to distinguish
from harmonics of lower-order responses.
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This formula applies to shallow cavities, where the length
to depth ratlo 1s of order U or greater. The accuracy of these
eatimates 1o llmited, as frequencies depend to some extent on
cavity configuration and on flow parameters other than Mach num-
ber., PYerhaps t10% is an optimistic error bound.

Asx flar as correlatlions between fluctuations at different
polnts In the cavity are concerned, this investigatlion has estab-
lished that each curve of the Rossiter formula corresponds to a
different mode shape for the response. For m=1, there is a pres-
sure node at the cavity midpoint, and pressure fluctuatlons on
elther \1de of i1t are in antlphase. For m=2 there are nodes at
26 and 75% of the cavity length, and so on. In each case there
ls a 180° phase shift across the node.

C. Pressure Amplitudes

For a given cavity geometry, the nondimensional préssure—
fluctuation levels will be functions of (1) Mach number, and
(2) dynamic pressure. .

Cavity geometry, however, 1s varlable. Ior rectangular cav-
ities the length/depth ratio and the cavity/aspect ratlio are pa-

‘rameters; cavities may be nonrectangular and may be cluttered hy

various store configurations. Also, the upstream-flow geometry
could affect the Reynolds number in a determination of the condi~
tion of the oncoming beundary layer.

Available experimental data must be used cautiously, with

“the aim of providing bounds on the expected pressure levels. The

beund of engineering interest 1s the worst case. The goal then
18 to provide predictions that are conservatlve — i.e., unlikely

“to be exceeded — but that make full use of any data that sugge t

lower fluctuating-pressure levels 1n a particular case.

1. Discrete frequencies

Examination of the data of Ref. 12 (a discussilon of shallow
and deep cavities at subsonic and transonie Mach numbers) and
comparison of that data with the results from Ref. 3.(a study of
deep cavities at the same supersonlc Mach numbers as in the pres-
ent study) indicates that deep-cavity fluctuating-pressure levels
tend to be higher than shallow-cavity levels., Accordingly, only
shallow-cavity data from Ref. 12 and from the current study are
constdered below.
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It has been noted’ that at low subsonic Mach numbers the
fluctuating-pressure levels scale with the dynamic pressure. At
high subsonic Mach numbers, levels appear!?to rise relative to o]
and at supersonic Mach numbers, relative levels decline’. Thus,
there 1s a strong suggestion of a scaling law fcr pressures that
draws on a steady-state-flow small-perturbation theory:

‘prms A > 1 (24)

In this context, ppms 1s to be taken as some measure of the over-
all rms pressure, or of the rms pressure in the most 1intense 1/3-
octave band. It 1s not to be anticipated that all experimental
data collapse onto one curve represented by some choice of the
proportionally constant A; variations in level at a given Mach
number are of the same order as variations with Mach number of
Prms/d computed with this formula. Thils formula also does not
provide a means to calculate the variation of ppnp /q with Mach
number for a gilven configuration. The only objective, In fact,
1s a choice of the constant A to glve a useful upper bound on the
data. ‘ :

‘ Flgure 53 shows data from the present report and from Ref. 12
for L/D> 4. Levels in the most intense 1/3-octave band are shown,
and each palr of polnts represents the range of peak values ob-
served at each Mach number.  Spectra were presented in Ref. 12
with a narrower bandwidth on the analyzer, but they have been cor-
rected to a 1l/3~octave bandwidth assuming peak values to be single-
frequency signals superimposed on a broad background. The curve
shown 1s the formula above with the constant A chosen as 10-0-85,
l.e.,

20 log 5 = -(17 + 10 log|M2 -1]) (25)

Note that the 1intensitles recorded in Ref. 12 at low Mach numbers
(0.4 and 0.7) 1lie well below the curve. (As pointed zut above,
shallow cavitles are ineffective resonstors, but their Q-factor
must Increase ‘at higher Mach numbers, when the impedance presented
by the outer flow increases.)

Note also the data at Mach number 3 — where worsc-case re-

sults were determined for laminar and tur:-ulent boundary layers —
are widely different. Accordingly, the constant L s a function
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of the boundary-layer stage. In thils context, the flight-tcst
d4tu wlll be of great value in determining whether or not peak
pressure-fluctuation levels vary with boundary layer parameters.

Wilth these qualifications about low Mach numbers and boundary
layer similiarity, the above formula 1s advanced as a simple esti-
mation procedure for the upper-bound peak fluctuating pressure;
thus, the highest dlscrete-frequency levels can be computed. Since
spectra of cavity-pressure oscilletions frequently exhiblt discrete
frequency, or, at least, narrowband energyv, the above formula can
be ured to compute pressure levels cf rescnant freguencies.

The value of this formula would be greatly increased by any
observ:tions on circumstances in which lower-peak levels might be
achleved; for example,

Effeat of Dynamic Pressure or Reynolds Number

These effects are discussed above, in relation to the cholce
of the constant A.

Effect of L/D

For the L/D range in this investigation (4 <L/D <7), the peak
pressure~fluctuation level generally does not vary greatly with
L/D. Exceptions occur when a change in L/D either suppresses a
pre-existing resonance or excites a new one. (See, for example,
Flg. 25.) Without a more complete theoretical model, no definite
predictions can be made. Very shallow cavi les, however, tend to
"show a broad, less iatense response!l?’, ‘

Effect of Aspect Rattio

Reference 12 gives results of testlng cavlitles at various as-
pect ratios. Results are inconslstent: a doubling of the cavity
span at a glven Mach number can lncrease by 10 dB the intensilty
of one component frequency of the cavity and lower the intensity
of another by a similar amount. An understanding ¢ this process
awalts successful thecretical models.

Effect of Stores

Stores can greatly attenuate pressure flubtuations when they
are close enough to the surface to Interfere wlth the shear layer
over the cavity mouth.
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Other Effents

Reference 12 shows that & spoller placed ahead of the cavity
can greatly reduce pressure fluctuations. This effect 1s readily
explained., Cavity oscillations, driven by an essentlally two-~
dimensional instablility of the shear layer over the cavity mouth,
produce organized perturbations in almost the entire spanwise
vorticity of the shear layer. The very small spoillers found to
be effective ‘n Ref. 12 produce strong streamwige vortlcilty, per-
turbing the two-dimensional organization of the vortlcity. Any
device that can put a streamwlse vorticity into a shear layer
should reduce fluctuating-pressure levels conslderably. In a
practical context, conventlional or ramp-like vortex generators
ought to be very effective with a smaller drag penalty than a

spoller,

2. Broadband spectrum

Figures 54 and 5% show the range of broadband spectra ob-
served at each Mach number. The curves are obtained by plotting
on a single sheet all microphone #6 spectra for a given Mach num-
ber. Obvious diserete frequencles are omltted, and an envelope
is drawn embracing all the data. The spread at Mach numbers 0.8
and 1.5 1ls remarkably small. The reasons for the greater spread
at Mach number 2, and for the laminar case at Mach number 3, are
not known. Nor is the great difference spread between laminar and
turbulent cases at Mach 3 explained. (See Sec. III B however.)

Flgure 56 represents an attempt to correlate the broadband
data. Contours of the upper bound of the broadband ervelopes are
plotted in a Strouhal number vs Mach number diagram. “The result
is not intended to be very quantitative but rather to gilve a gen-
era’ idea of the form of the data. Note the decline in maximum
broadband level with increasing Mach number and the shift to higher
Strouhal frequencies.

In the sample calculation below, Fig. 56 1s used to estimate

the broadband spectrum,.

D. Sample Calculation

Consider the case of an alrplane flying at Mach number 1.5
close to see level and containing an open cavity of closely rec-
tangular shape (12~ft-long and 2~ft-deep). At standard sea-level

conditlons, U, =1675 ft/sec, and Re/ft = 1.07 x10?. The Strouhal
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numbers corresponding tom = 1,2,3, are, reapectively, 0.25, 0.58,
and 0.92. Corresponding frequencies are 35, 81, and 128 Hz.

The dynamic pressure under these conditions is 3,340 lbs/ft?,
or 23.2 psia, corresponding to 198 dB re .0002 ubar. Thus, from
Fig. 53 the expected worst-case l/3-occtave band fluctuating-pressure
level is approximately 180 dB — i1.e., 18 dB below the dynamic- ‘
pressure level. The broadband fluctuating-pressure levels can i
also be estimated from Filg. 56. One~third-cctave band levels peak 5
at & Strouhal number of about 1.5, correspording to 280 Hz, with
intensity roughly -28 dB relative to q. Levels are -40 dB at
Strouhal number 15 (i.e., 2100 Hz) and =35 dB at Strouhal number ;
0008 (ioeo’ 11 HZ). ‘

The above information permits construction of a hypothetical
1/3-0ctave-band spectrum. (Fig. 57.) Note that both peak and
broadband intensitles are woret-case values.
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SECTION V
EVALUATION AND DISCUSSION

As the various experimental results were presented through-
out this Report, data were interpreted ad hoo and related to in-
formation available in the literature. In this evaluation of the
entlire research program, however, all important results are sum-

marized.

The research program was broadly divided into studles of the
‘empty cavity and of the store-contalning cavity. The avallable
literature made it quite clear that the current understanding of
cavity phenomena — particularly of those related to empty cavi-
ties ~ was insufficient. Therefore, the major portion of the ef-
fort went into studying the experimental cavity in its empty con-
figuration; full use was made of the avallable extensive instru-
mentation and configuration versatility. Many of the results ob-

tained with the emptyncavity configuration are directly applicable
Essential differences will

to those of a store-containing cavity.
be pointed out below.

The major features of the experimental results are summarized
(Note that there results pertain to shallow cavities only.)

below.

1. The principal practical result of this study is an improve-
.ment of Rossiter's formula for the calculation of resonance
frequencies of open shallew cavities in a free-stream Mach-
number range covering at least 0.5 to 3.0. .The generallza-

tion of this formula is

fm L : m - 0.25

S¥ = ‘
A M + 1.75

L P + 155 M‘z]l2

form= 1, 2, 3 .. pertaining tb the order of mode.

By means of thls equation, possible resonance frequencies

can be computed; however, such frequencies do not necessarily

have to occur. In fact, the cavity may not resonate at all.
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The longitudinal energy distribution of resonant-frequency
osclllatlons suggests the occurrence of definite pressure
modes - as could be expected between a hard front and rear
wall — up to at least the fifth order, but very likely to
even higher orders.

Higher-order modes tend to prefer the higher Mach-number
range. Only in one instance could a first-order mode be de-
tected at a Mach number of 2. It seems generally safe to
assume that first-order modes are extremely unlilkely to occur
at Mach numbers above one,

Resonant-mode frequencies seem to approach "closed-~box" type
frequencies at hypersonic Mach numbers. At these Mach num-
bers the shear layer atop the cavity represents a high im-
pedance, thus an acoustic closing, for the open mouth of the
cavity. At low supersonic Mach numbers, and even more so at
subsonic Mach numbers, the cavity-mouth area 1s better
characterized by assuming an oven, or pressure-release, sur-
face boundary. Rescnant frequencies, in fact, deviate from
the i1deal closed-box resonance frequencles by a factor of 2
or more at low subsonic Mach numbers.

Cavities of L/D ratios from 4 to 7 did not exhibit any sig-
nificant depth modes.

Cavities of this same L/D ratio did not exhibit any trans-
verse-pressure oscillations. «

Maximum pressure levels of resonant frequencies - as measured
at an antinode in a rearward corner of the cavity — ranged
from 12 to 56 dB below the reference dynamic pressure of the
free stream. Emplrical correlation of resonant-frequency
levels with Mach number suggest an upper bound that can be
formalized as 20 log p/q = -(17 + 10 log|M2-1]).

Resonant-frequency levels can reach this upper bound, but
they are often much lower. Qualitatively speaking, levels
are highest in the transonic flow-speed range.

Cavity~internal broadband fluctuating-pressure energy in-
creases towards the rear end of the cavity. The increase
depends for a given Mach number on the shallowness of the
cavity and for a given geometry on the free-stream flow
speed; the shallower the cavity and the higher the free-
stream flow speed, the larger will be the relative increase,
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The broadband part of the pressure spectra, when represented
in one~third-octave bands, exhibits a very shallow lLiaystack-
shape. The spectra peak at a nondimensional Strouhal fre-
quency S equal to f+L/U, of 1.6 + 0.4,

Schllerenoptical flow visualization supports the theory that
the shear layer oscillates above the cavity in a periocdlc
manner at cavity resonant conditlons. The magnitude of the
shear-layer disturbance grows towards the downstream end of
the cavity mouth. Still inconclusive results suggest a
perlodic mass entrainment and ejection; such a process would
provide a nonlinear loss-mechanism that could explain the
amplitude limltatlons.

The response of a cavity 1s totally different for approaching
laminar and approaching turbulent boundary layers. At the
one experimental instant when a laminar boundary layer could
be obtained, the cavity response was on the order of 25 dB
above the equilvalent turbulent boundary-layer case.

Although the stage of the approaching boundary-layer strongly

- affects the cavity response, no obvio s relationship of the

upstream fluctuating~pressure spectrum and the cavity-response
spectrum could be established; however, such a relationship
cannot a priori be denied, ‘

Insertion of store, 1n elther an asymmetric or a symmetric

" locatlon, has no effect on the resonance frequencies and

only a minor effect on their levels — as long as the store
does not physically interfere with the shear layer. When
such interference does occur, the shear layer stabllizes,
effectively killing discrete-frequency resonances. The
broadbhand portion of the spectrum 1s not very much affected
by the presence or the absence of store,

Even in the asymmetric (one-store) configuration, no trans-
verse osclllations were observed; thus there appears to be
noc strong excitation in the transverse direction.

In general, the present study revealed that shallow cavities
have a low Q-factor and do not respond as classical acoustic
resonators; however, they can certalnly be driven at definite
frequencies,

Shallow cavities are driven by an energy input near their

trailing edge. Thils result could support the edgetone/
cavity interaction mechanism suggested by other investigators.
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17. A large captive vortex is driven within a shallow cavity.
For the first time, recirculation velocities were measured;
these velocities range from Mach numbers of 0.5 to 0.1, for
decreasing depth of a cavity. Absolute velocities are rather
insensitive to free-stream Mach-number changes. The internal-
vortex strength, as inferred from the fluid Mach number near
the floor of the cavity, is strongly dependent upon whether
the boundary layer 1is laminar or turbulent, but not very
strongly dependent upon the Reynolds number. There seems to
pbe a difference between subsonic flow and supersonlc flow.

18. Changes in free-stream Reynolds number seemed to have no ef-
fect on the response frequencles.

19. Internal-cavity temperatures were measured for the first
time. Results indicate that internal temperatures approach
the free-stream stagnation temperature — in contrast to the
assumption of other investigatcrs who used free-stream static
temperature as relevant internal temperature.
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; : APPERDIX |
| WALL INTERFERENCE EFFECTS AT MACH NUMBER 0.8

I-1. Introduction

Cavity tests at Mach number 0.8 produced an undesired high-
frequency shock pattern moving upstream in the wind-tunnel test
section. It 1s shown that the shocks correspond to a wavegulide
mode of the test section with effectively zero group velocity.

The energy of the mode does not propagate out of the test sectlon,
and the amplitude increases until the shock system 1is established.

The following features of the subsonic results are signifi-
cant here:

1. All tests at Mach number O.8}showed spectra of the
unsteady pressures wlth a dominant peak close to
375 Hz.

2. This peak corresponds to a Strouhal number based on a
cavity length of 0.72. Previous investigators!s 1%1312
indicate that thils corresponds to a resonant mode of
the cavity.

3. Schlieren photographs taken of tests at Mach number 0, 8
T - o always show oblique shocks in the test section - Fig. 10
b is typical., At this subsonic Mach number such shocks
‘ cannot be stationary. In fact the position of the shock

L pattern varies from photograph to photograph, and the

‘ shocks cannot be seen when the Schlieren image 1s viewed
with the naked eye. (The exposure time of the photographs
1s of order one usec only.)

y, The shocks observed form a system of oblique shccks
reflecting off the tunnel roof and floor and from the
shock/boundary-layer interactions, vislble in the
photographs, propagating upstream.

5. In tests with the cavity replaced by a flat plate, the
shock system does not appear and 1s thus not caused by
a shortcoming of the test facility.
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In Yection le-2 it will be shown that the shooks are
associated with the strong cavity resonance at 375 Hs;
in Section 1-3 a reason is advanced for this interactlon
between the resonant mode of the cavity and the tunnel
walls.

I-2. Shock Geometry

One can estimate the velocity with which such a sys-
tem of shocks moves through the test section. Figure 584
shows a schematic plcture., U_ 1is the velocity with which
the shocks propagate normal t8 themselves in still air;
H i1s the height of the test section; and X is the wavelength
of the shock pattern. If the free-stream velocity were
zero, the shock pattern would advance a distance BC while
an element of wavefront travels from A to B. The downstream
veloclity, Up, of the shock pattern is therefore

U._ = U BC/AB
p s

. - Us/cos ]

‘Allowing for the free stream, ‘ , | |
U, " a (M - M /cos @) ‘ o (1-1)

M_ is the shock-propagation Mach number, and M is the free-
sfream Mach number. The velocity with which an element of
wavefront travels downstream is

US = Uo - Us cos ©
- AO(M - Mg cos ) | (I-2)

U. and U_ are in the relationship of phase and group veloclty
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The frequency of this shock pattern as seen by & sisticn-
ary cobserver is

A
£ = lupl/
» ]upl/zu tan ©
f = ao(MS - M cos ©)/2H sin © (I~3)

Here, M = 0.8, H = 1 ft, a, = 1070 ft/sec (80° F stagnation
temperature). © is roughly 40 degrees. Microphone data

suggest that the pressure ratlo across a shock 1s about 1.1,

giving M_ = 1.05, whence f = 345 Hz. This frequency is with-
in 10% of the observed frequency of 375 Hz. An accurate

‘estimate of © is unnecessary, since the right-hand side of

Eq. I-3 has a broad minimum in the region where © = 30 to
50 degrees, The estimate for f could be improved by assuming
that the shocks reflect, not at the wall, but at some distance

‘away in the boundary layer. This assumption reduces the ef-

fective distance H and increases f proportionately..

For values for © = 40 degrees and for H = 1 ft, the ~
wavelength, A, becomes 1.68 ft - almost exactly the cavity
length of 1.67 ft. Note that the value for © is approxi-
mate; values measured from photographs vary over a range -
of 10 degrees, leading to estimates for A ranging from
1.4 ft to 2.0 ft. These correspondences - that the ob-
served frequency 1s the calculated frequency caused by
the passage of the shocks and that the wavelength of the
shock system 1s the length of the cavity - indicate that

‘we are observing an interaction between a resonant response

of the cavity and the rectangular duct formed by the test
section. A reason for this interaction is advanced below

in an analysis based on an assumed coincidence of the wave-
length of disturbances in the duct and in the cavity length.
The same conclusions could equally be drawn from a coincidence
of cavity and duct response frequencies.
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I-3. The Test Section as a Waveguide

The shocks observed in the test section are weak and
propagate with a normal velocity only a few percent greater
than the sound speed. Shocks of vanishingly small strength
can be regarded as reversihle compression waves, This sug-
gests that the shock pattern might be treated as an isentroplc
wave motion in the test section, and this approach provides
%n :xplanation for the appearance of this interference ef-

ect.

The theory of acoustic waves in a rectangular duct can
be adapted from any of the standard references (e.g., Theoretical
Acousiics, by Morse and Ingard) by adding to any solution a
uniform downstream convectlon velocity U,. Considering only
two-dimensional disturbances in a vertical plane, the phase
velocity of a mode of wavelength A 1s .

Uy =, M2 (2 fanAEDE (1a)

U_ is positive downstream. For n = 1, this equation repre-~
sBnts a single acoustic wave reflecting off the test-section
roof and floor (Fig. 58b); for n = 2, a palr of acoustic
waves. (Fig. I-58¢), and so on., When n =.1, Eq. I-4 18 the
1imiting, isentropic form of Eg. I-1, where A/H = 2 tan 0.

Since the phase velocity is a function of wavelength, k
‘the group velocity differs from the phase velocity and 1is
given by ' ‘ ' ‘ ‘ '

U e U - X AU
g = Yp A dUp/d

(See, for example, Lamb's Hydrodynamice, p 38l.) Thus,

U = a M+ (14 n?x2 /4H?) %] | (1-5)

For n = 1, Eq. I-5 is the isentropic form of Eq. I-2. The.
group velocity 1s the velocity with which a package of waves
moves through the duct. It is also the veloclty with which
the energy of a wave pattern propagates through the duct.

It is possible to show directly for this class of waves that
the group velocity, energy density, and intensity are related

by (Intensity) = (Energy Density) x (Group Velocity).
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Figure 59 shows a plot of nondimensional group velocity ,%
= Ug/a,) against H/n for two values of m, 0.2 and O, 8. Point '
§hows the value of Mg corresponding to the shock pattern of
Figure 58: M= 0,8, n= 1, /H= 1,67, upstream propagation.
The reason for the formation of the shock pattern 1s clear; one
of the resonant modes of the cavity feeds energy into a duct
mode 1in the test sectlion with almost zero group velocity. The
energy is unabhle to escape and the disturbances increase until
dissipation appears in the form c¢f shock waves.

Before this explanation was avallable, an attempt was made '
to eliminate the shock pattern by testing a smaller cavity. A f%
simple modification produced a cavity with length 0.57 ot the %
full scale. The group velocitlies of the corresponding duct 5
modes, point B for n = 1, point C for n = 2, are shown in Fig.
59. It appears that both modes are subject to poor energy
propagation. Figure 60 shows a typical Schlieren photograph of
the flow fleld around thls approximately half-scale cavity.
There 1s strong evidence in the intersecting shocks of the duct
.mcde corresponding to n = 2. The reason for the appearance of
‘only the n = 2 mode, when both modes have poor propagation, is
that the Strouhal number of the n = 2 mode is that correspond-
ing to the full-scale cavity resonance. If it 1s assumed that
A 1s equal to L, the cavity length, then

S = FLU, = 175,

= 0,73 (n = 2)

= 0.39 (n - l) (1-6)

Thus switching to a half-scale cavity merely coupled the cavity

resonance to a different, but still poorly propagating, duct
mode.
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I-4. Conclusions

The wall-interference effects describe«. atcr’e ,&r occur
whenever unsteady-flow situatlons are tested at o .obirations of
free-stream Mach number, disturbance frequency, and disturbance
wavelength that exclte test-section duct modex haviag group
velocities near zero. This 1s a phenomenon ot nigh-subsonl¢
and low-supersonic Mach numbers. Supersonically, for all modes
the energy escapes downstream (although the phase veloclty may

- be supersonic, and waves downstream of the model may appear to
. propagate upstream). At low-subsonic Mach numbers (Fig. 59),
b poor propagation can occur only for very small H/ni - l.e., .
) for very large models or for high-order duct modes which are
less likely to be excited since they have high Strouhal frequen-

- cles.
” . ..

It is this phenomenon that will set the upper-subsonic and
lower-superscnic Mach-number limits for testing unsteady flows
in conventlonal wind tunnels. As can be seen from Figure 59,
at Mach numbers close to one decreasing model slze (increasing
H/nA) has a small effect on the group velocity. Extra-large
models (small values of H/n\) would permit free downstream
propagaticn but wonld introduce other transonic interference

effects.
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APPENDIX Il
VIBRATION LEVELS

An accelerometer, attached to the underside of the cavity
floor close to the center was used to monltor structural vibra=-
tion during the tests. During each test run, one spectrum was
taken with the same instrumentation as that used with the mlicro=-
phones.

Figures 6la and b show four typlcal spectra of the vertical
accelaration of the center point of the cavity floor. The refer-
er.ce level in each case 18 1 g, the acceleration due to gravity.
The Figures present spectra taken for one-store, L/D = U, 10 psila
stagnation pressure, and all Mach numbers. The spectra are typlcal
in that they differ widely in intensity and generally show peaks in
the same “frequency bands as the fluctuating pressures. :

: It is necessary to determine how far these vibration levels
are acceptable — i.e., how far the structure response modifies
the acoustic response of the cavity. An order of magnitude estli-
mate follows. - . . ‘ ‘ o

‘The measﬂre.of acceptabllity chosen iSJ(ener y=-exchange/ -

’eyela-between structure and air mass) divided by (energy stored : .

" in the acoustic oscillation). Let p be a typical rms pressure

and s be the acceleration of the cavity floor. Then the energy
exchange/cycle is O(pls/w?). L 1ls the cavity length, w is the

dominant circular frequency. The energy stcred is 0(p2LD/p,al).

D is the cavity depth; p, and & are cavity alr density and sound

. speed. Thus, if § is‘the accep%ability/parameter defined above,

)

. o
£ = 0(33232) C(II-1)
pDuw? B ‘ -

Known quantities are Q, = p/q, where q 18 the dynamic pres-
sure, and Q, = 8/q.

Thus

2
£ =0 gﬁ . 8 | (1I-2)
%1 gqeDw?
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Now pcaé ® YPg ™ YPu:» and q = yM‘p“/2, where subscript o refers

to free-stream conditions. Finally,

Q
E uw () 61 . _.?_E_ (II"'B)
1 yM2?Dw?

Egstimates of thls parameter for the two high-level cases shown in
Figs. 6la and b are 0.5 x 10~2% and 1.6 x 10-%, Both of these

numbers are small.

The above analysls does not indlicate how large a value of §
i1s unacceptable. A conservative guess might be that a value of
1/2% 1s just acceptable, and one or two parts in a million cer-
tainly so. Accordingly, in the discussions of the experimental
results given above, it is assumed that vibration of the cavity
structure has an insignificant effect. The vibration levels are
also insignificant with respect to the microphones' vibratory

sensitivity.
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